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EXECUTIVE SUMMARY 
 
A geological and heritage assessment of the Outer Thames Estuary as part of 
an MALSF-MEPF Regional Environmental Characterisation project revealed c. 
15,000 km2 of palaeo-landscapes hypothesised as dating from 600,000 to 
720,000 years ago. These deposits lie immediately offshore from the region that 
has produced the earliest archaeological evidence for the occupation of the British 
Isles (c. 600,000 to 700,000 years ago). The exceptional level of preservation of 
this landscape holds great potential for: understanding our earliest archaeological 
heritage; understanding the broader geological changes which have occurred 
during several episodes of sea level change; and providing an enhanced context 
for a number of aggregate licensing areas and other commercial seabed projects. 
To resolve the true importance of this landscape this, one year, follow-on project 
aimed to improve the chronology of this very important submerged landscape.  
In order to establish the chronology of this area the project aimed to collect 30 (< 
6 m) long vibrocores from carefully chosen locations distributed across this 
landscape. These sites were identified from the interpretation of new and legacy 
seismic data collected during the project and provided by the aggregate industry 
(Resource Management Association). The retrieved sediments would be logged 
and appropriate materials selected for analysis by a combination of dating 
techniques (palaeo-secular variation (PSV), amino acid racemization (AAR), 
electron spin resonance (ESR), optically stimulated luminescence (OSL) and 
radiocarbon dating.  
Over the twelve months of the project: fifty-five square kilometres of swath 
bathymetry data and co-registered backscatter have been acquired; a further 
thirty square kilometres of swath bathymetry has been provided by the Harwich 
Harbour Authority; twenty-five line kilometres of boomer data from the main 
palaeo-river channel in the area has been acquired; and finally several hundred 
line kilometres of extant boomer data and a total of 133 borehole logs and photo 
imagery have been provided by the Resource Management Association. These 
datasets were fully processed and integrated with data acquired during the initial 
REC project to provide a three phase model of landscape evolution.  
The proposed thirty vibrocores were successfully acquired giving a total of 140 m 
of sedimentary core, an intact archive of which now resides in the BOSCOR 
facility at the NOCS. These cores have been fully logged, photographed and 
analysed for grain size. In turn, these lithological data sets have been correlated 
 v 
with the appropriate seismic sections to further enhance a geological model of the 
area. In addition, we have undertaken extensive sampling and analysis of the 
cores, for PSV, AAR, ESR, OSL and radiocarbon dating to build up a 
chronological picture of the development of the submerged landscapes of the 
Outer Thames Estuary.  
The sampled sedimentary sequences are dominated by Late Glacial to mid-
Holocene sediments deposited since the Last Glacial Maximum c. 20,000 years 
ago. However, the project has provided significant evidence to support the original 
hypothesis of a much longer term evolution of this river system, which can be split 
into two distinct phases. Firstly, there is a record of river channel activity across 
the area in the Middle to Late Pleistocene (c. 160,000 – 70,000 years ago) and 
secondly, from a more restricted number of sites we have identified both 
morphological and dating evidence to support our original hypothesis of a 
landscape that potentially dates back to the early Middle Pleistocene (significantly 
older than 420,000 years ago).  
This intensive project has successfully accomplished all that it set out to do in 
the tight time frame and in addition to the immediate results will provide a platform 
for more intense study over the next year, where additional dating will be 
undertaken; more detailed analysis of the environmental information in the cores 
will be done; and integration with the extensive but sparsely distributed onshore 
record can be made.
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1. Introduction 
1.1. Introduction 
1.1.1 In 2009 EMU Ltd completed the first MALSF- MEPF (Marine Aggregates 
Levy Sustainability Fund – Marine Environmental Protection Fund) 
Regional Environmental Characterisation (REC) project in the Outer 
Thames Estuary (EMU Ltd, 2009). The aim of the REC surveys were to 
acquire data, of the highest quality and detail possible; to enable broad 
scale characterisation of the seabed habitats, their biological communities 
and potential historic environment assets within the regions. 
1.1.2 The study area lies in the Outer Thames Estuary offshore of southeast 
England and is centred at 51°50’00”N, 1°50’00”E, in the southern North 
Sea (Figure 1). The area extends north-eastwards from the mouth of the 
Thames Estuary, along the coast of Essex and Suffolk, between Clacton 
and Southwold, and offshore into the North Sea (Figure 1). The main 
study area extends for 70 km along the coast and continues up to 50 km 
offshore, covering an area of 3,800 km2 of seabed (EMU Ltd, 2009). 
1.1.3 The geological and heritage assessment of the Thames REC (EMU Ltd, 
2009 – Dix, Sturt & Henden) revealed c. 15,000 km2 of palaeo-landscapes 
potentially dating from 600-720 ka.  These deposits lie immediately 
offshore from the region that has produced the earliest archaeological 
evidence for the one of the earliest sites (Pakefield) of hominin occupation 
of the British Isles (c. 600 – 700 ka).  
1.1.4 Of particular note is that the sedimentary unit exposed at Pakefield and 
which contained these very early lithic assemblages (the Cromer Forest 
Bed), represents discontinuous narrow coastal exposures spread over c. 
80 km of the East Anglian coastal strip whereas these offshore deposits if 
of contiguous age could represent a much more extensive, than has been 
previously recorded. 
1.1.5 The exceptional level of preservation of such a large tract of early Middle 
Pleistocene landscape therefore holds great potential for:  
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• understanding our earliest archaeological heritage;  
• understanding the broader geological changes which have occurred 
during several episodes of sea level change;  
• and providing an enhanced context for a number of aggregate 
licensing areas and other commercial seabed projects.  
1.1.6 To attempt to establish the actual age of this landscape, this current 
project was devised to acquire core material from a range of sedimentary 
environments that are believed to exist within this landscape, in order to 
establish its age and more detailed geological history.  
1.1.7 In this one year project focus will be placed exclusively on identifying the 
lithological, stratigraphic and seismo-stratigraphic units present and 
through a combination of dating techniques (palaeo-magnetic, amino acid 
racemization, electron spin resonance, optically stimulated luminescence 
and radiocarbon) establish a broad chronology of its geological evolution. 
1.1.8 Within the time frame and finances available more extensive palaeo-
environmental analysis was not considered, but the data acquired during 
this project will provide the foundations for several years of future 
research. 
1.1.9 The following Section will outline the geological context as derived from 
the REC project (EMU Ltd).  
1.2. Morphology and Quaternary History of the Outer Thames Estuary 
1.2.1 The onshore Quaternary deposits of Outer Thames Estuary have been 
extensively studied over the last century and in particular the last 35 years 
(see Bridgland, 2006 for most up to date review). By comparison, our 
knowledge of the offshore sequences have received significantly less 
attention, with current understanding being represented by the BGS 
Thames Estuary 1:250,000 Map Sheet (1990) and associated volume 
(Cameron et al., 1992) and the work of D’Olier, Bridgland & Gibbard (a 
large number of papers between 1975 and 2000).  This work has been 
based primarily on first or second generation sub-bottom profiler records 
and the collation of the BGS borehole archive. 
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1.2.2 The Outer Thames Estuary REC, enabled the integration of these extant 
interpretations with:  
• c. 700 line km of high resolution seismic profiling (boomer), swath 
bathymetry and side scan sonar data: 
• an additional 200 line km of boomer data from the Thames Estuary 
Dredging Association’s (TEDA) Marine Aggregate, Regional 
Environmental Assessment (MAREA):  
• seventy clam shell grab samples and 70 video drops: 
• the UKHO deconflicted 50 m x 50 m resolution bathymetry produced 
by SeaZone Ltd (2008) covering an area of c. 10, 500 km2. 
1.2.3 From the SeaZone Ltd bathymetric data three principal bathymetric and 
morphological components were defined (Figure 1):  
• an inner Thames estuary “Western Zone” dominated by a series of 
coast-parallel, regularly spaced, NE-SW trending sandbanks and 
associated channels and troughs;  
• a “Central Zone” characterised by a relatively flat platform (typical 
water depths of 25-30 m) but with both isolated troughs and 
individual sandbanks;  
• and an outer “Eastern Zone”, characterized by a deeper, water 
depths between 40-70 m, with no distinct sandbanks or deeps but 
with extensive, moribund, NW-SE trending bedform fields 
(wavelengths > 100m and amplitudes up to 15 m).     
1.2.4 These broad bathymetric and morphological components are cut by a 
series of east-west trending channel systems and associated tributaries 
(Figure 2). The most southerly of these is buried beneath the estuary 
mouth sandbank system that characterises the “Western Zone” and the 
area to the south of the Outer Thames Estuary REC. The interpretation in 
this area was based almost exclusively on the extant BGS 1:250,000 
maps, with only minor modification from correlation with the small number 
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of Outer Thames Estuary REC survey lines that overlap with this area and 
so was not dealt with further as part of the REC.   
1.2.5 To the north of these buried channels an almost linear channel system 
extends from the entrance to Harwich harbour in the west to almost the 
edge of the Outer Thames Estuary REC survey area in the east, a total 
distance of 55 km (Figure 2).  Although expressed as a relatively clear, 
almost linear channel system on the bathymetric chart, transects from the 
sub-bottom data showed it to be a narrow, shallow braidplain, typically 
covering a width of between 350 and 1,000 m.  Within this braidplain, the 
sub-bottom data suggested that the actual channel represents only c. 
one-tenth of this width and achieves a maximum depth of < 7.5 m. This 
high width-depth ratio is typical of a river system incised at a glacial 
lowstand (Vandenberghe, 2008).  Feeding into the main floodplain is a 
series of smaller, second and third order channel systems many just at 
the limit of the resolution of the regional bathymetric data (Figure 3).   
1.2.6 Eight kilometres to the north of this channel system is a third minor river 
system that is also oriented east-west and which can be tracked in the 
bathymetry from the central part of the REC survey area to the break-in-
slope that defines the boundary with the deeper plateau of the “Eastern 
Zone”.  
1.2.7 The crucial questions raised by the identification and characterisation of 
these channel systems, during the work on the REC, focused upon their 
age of incision. Did they represent incision during the last lowstand at the 
Last Glacial Maximum (LGM)? Or are they multi-phase features that have 
been incised during lowstands throughout the Quaternary?  
1.2.8 The Outer Thames REC approached this issue of chronology from two 
different perspectives: first, the relationship between the river systems 
and the enclosed deeps (Figure 4), including the Inner Gabbard Deeps, 
located in the Central Zone [418000, 5749500]; and secondly, the 
relationship between the offshore river systems and their more 
extensively studied terrestrial counterparts. 
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1.2.9 Enclosed deeps (or over-deepened valleys) are found throughout the 
North Sea Basin and adjacent glaciated land masses and have been the 
subject of much discussion over the last twenty years. Huuse & Lyke-
Andersen (2000) present the best review of these features for which they 
describe a set of diagnostic features (some values modified after Praeg, 
2003 and Graham et al., 2007) for these valleys as:  
• being over deepened, incised to depths of up to 500 m below sea 
bed;  
• being typically ≤ 6 km wide, with general depth to width ratios of c. 
1:10;  
• having an anastomosing pattern which can be traced for several 
tens of kilometres;  
• beginning and terminating abruptly with longitudinal valley profiles 
which exhibit no consistent slope direction;  
• having relatively steep sides (10 – 35˚) and flat bottoms;  
• occurring within the ice limits of the Anglian, Wolstonian and in some 
cases Devensian glaciations, and are generally oriented 
perpendicular to the inferred ice front;  
• being empty or filled with a complex mix of glaciolacustrine, 
glaciomarine and glaciofluvial sediments. 
1.2.10 The origin of these features has been strongly debated (Huuse & Lyke-
Andersen, 2000) with the two favoured theories being either formation 
under steady-state sub-glacial drainage of meltwater and groundwater 
driven by hydrostatic pressure gradients within a few kilometres of the ice 
front, or catastrophic ice proximal meltwater discharge (jökulhlaups).  
Either way they are indicative of formation close to the ice margin. 
1.2.11 The two major enclosed deeps within the Outer Thames Estuary REC 
have a relief of between 15 – 35 m, widths of c. 2.5 km, depth width ratios 
of c. 1:10, steep c. 9˚ marginal slopes, irregular longitudinal profiles of up 
to 30 km in length and an orientation of c. NNE-WSW.  In addition, to the 
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two principal deeps and on the basis of slope analysis as well as 
bathymetric interpretation, a further eight incipient deeps were identified 
within the area. 
1.2.12 Although all of these features in the Outer Thames Estuary area have 
dimensions an order of magnitude smaller than those described in 
Section 1.1.8. they are in fact comparable to, similarly generated features 
(‘tunnel valleys’) identified by Woodland (1970), throughout East Anglia. 
These features were in fact included in the Huuse & Lyke-Andersen 
(2000) work as being end-member over-deepened valleys. The shallow 
nature of the East Anglian terrestrial features was proposed to be a 
product of them having only undergone a single glacial advance (the 
Anglian glaciation) whereas most of those in the North Sea have been re-
occupied by ice sheets on at least two or three occasions.   
1.2.13 The other feature of note of the Outer Thames deeps is the paucity of 
sediment accumulation within them, with the limited core and seismic data 
suggesting they are covered by a maximum of only 20 – 30 cm of 
unconsolidated material with bedrock commonly exposed along their 
length. The absence of material is at odds with both the terrestrial East 
Anglian sequence and the submerged North Sea variants, albeit unfilled 
forms are found in Denmark.   
1.2.14 The absence of significant accumulation of material was interpreted in the 
REC report (EMU Ltd, 2009) as being a combined product of:  
• having only directly experiencing one glacial event;  
• being incised almost exclusively into the very fine grained London 
Clay Formation deposits which would not produce an easily 
deposited erosion product;  
• and the strong tidal currents that are initiated at every high stand 
since their inception and which have at the very least maintained 
them as being sediment free throughout the historic record and 
probably for much of the Holocene considering near modern sea-
levels were reached at c. 5 ka (Shennan et al., 2000). 
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1.2.15 The weight of evidence therefore supported a glacial origin for these 
features, having formed either just inside or just outside the glacial 
margin. Figure 5 shows the location of these deeps in relation to the 
known glacial limits of the last three major glaciations: the Anglian, the 
Wolstonian and the Devensian (after Chiverill & Thomas, 2010 and 
Gibbard, 2007: it is worth noting all limits are interpolated offshore).  This 
Figure demonstrates that they lie in very close proximity (5-20 Km) to the 
inferred offshore limit of the Anglian glaciations, whilst the later 
Wolstonian and Devensian glaciations limits are in excess of 120 km to 
the north. It was therefore proposed in the Outer Thames REC that these 
enclosed deeps were formed sub-glacially, in close proximity to the ice 
margin (either just inside or just outside) at the maximum extent of the 
Anglian glaciation (Marine Isotope Stage (MIS 12). 
1.2.16 The chronology of the river systems could then be hypothesised on the 
basis of their stratigraphic relationship to these Anglian age glacially over-
deepened valleys. The bathymetric data of the two main deeps suggested 
they were eroding back in to the braidplain of the principal east-west river 
system, whilst the northernmost river system was clearly cut by a smaller 
over-deepened valley (Figure 6). Further, a single boomer transect, taken 
during the Outer Thames REC survey, passing through the northern 
section of the western major deep where it apparently incises into the 
braidplain, more clearly demonstrated the erosive nature of this 
relationship (Figure 7). Thus the erosional nature of the contact of the 
over-deepened valley with the channel system suggested that the river 
system and all its attendant tributaries must have predated the Anglian 
glaciation (MIS 12).   
1.2.17 The second line of evidence was the spatial correlation of these offshore 
channel systems with the well-studied terrestrial gravel sequences as 
described by Bridgland (e.g. Bridgland, 2003).  As can be seen in Figure 
8, the closest terrestrial correlatives of the main offshore river system are 
the Ardleigh, High Halstow, Belfairs, Mayland and Oakley Terrace 
Formations. These Formations are relic deposits associated with the 
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Figure  6
Relationship of Over-deepened Valleysand Palaeo-channels
Scale                 @ A4  Grid @ 1 km Spacing1:150,000
13
408000
408000
410000
410000
412000
412000
414000
414000
416000
416000
418000
418000
420000
420000
422000
422000
424000
424000
426000
426000
428000
428000
430000
430000
432000
432000575
000
0
575
000
05
752
000
575
200
05
754
000
575
400
05
756
000
575
600
05
758
000
575
800
05
760
000
576
000
0
Drawn :  J.Dix Date: 02/2011
0 5Kilometers
TOPOGRAPHY REPRODUCED WITH THE PERMISSION OF ORDNANCE SURVEY ON BEHALF OF HER MAJESTY'S STATIONERY OFFICE.© CROWN COPYRIGHT(2011).
BATHYMETRY BRITISH CROWN AND SEAZONE SOLUTIONS LIMITED. ALL RIGHTS RESERVED. PRODUCTS LICENCE 052008.012 AND092009.22
Key
Bathymetry
mCD-4.2
-59.3
Relic Palaeo-Landscapesof the Thames Estuary
Figure  7
Relationship of Over-deepened Valleysand Palaeo-channels: Seismic Evidence
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REC Thames Palaeo-Channel and Terrestrial River Systems of Bridgland 2003
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earliest course of the proto-Medway and proto-Thames which reach a 
confluence point at Harwich. These Formations have classically been 
correlated with Cromerian Complex II (MIS19-17 [c. 775-695 ka]: 
Westaway et al., 2002), although Westaway (2009) has re-considered the 
chrono-stratigraphy for these deposits and now suggests the Cromerian 
Complex II actually lies between MIS15e and 14 [c. 620-550 ka]. 
Whichever dates are taken this provides support for a pre-Elsterian-
Anglian age for the initial incision of this river system.  
1.2.18 Similar comparison of the terrestrial sequences of Bridgland (2003) 
against the inferred palaeo-channel routes of the channels further south 
supports the long held hypothesis that these rivers could have been cut 
during or immediately after the Anglian glaciations when the maximum 
advance of the ice pushed the river systems southward (Figure 8).  The 
terrestrial channels that reach the current coastline around Clacton are 
dated to c. OIS12-10 (c.450-355 ka] and could potentially feed into the 
northern tributaries of this east-west southerly complex.  If this is the case 
then these relatively fined grained sediments, in parts organically rich as 
evidenced by the presence of shallow gas could provide a (disrupted – 
due to presence of erosive boundaries) record of c. 450,000 years of 
sedimentation. More sub-bottom data is required between the coast and 
the westerly margin of the Outer Thames Estuary REC to convincingly 
make the link between these onshore & offshore systems. 
1.2.19 If these relic deposits date back to MIS 18 they will have potentially 
undergone eight transgressive-regressive cycles at least when considered 
against the eustatic sea-level curves of Rohling et al. (2009) and Bintanja 
& Van de Wal (2008). The extent of these will have been affected by both 
the long (tectonically driven uplift and subsidence e.g. Rose, 2009) and 
short term (driven by glacio-isostatic processes e.g. Busschers et al., 
2007) uplift history of the area. The actual processes that drive the long 
term tectonic component (and thus our understanding of the extent and 
timing of transgression and regression) is still the subject of significant 
debate (Rose, 2009), an issue which is particularly significant for our 
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understanding of Early and Middle Pleistocene landscape evolution. 
However, stratigraphic evidence from the Cromer Forest Beds suggests 
that the upper limits of sea-level have not extended much above present 
throughout the Cromerian and that the coast may have acted as a 
tectonic hinge line between the uplifting hinterland and the subsiding 
depo-centre in the southern North Sea (Rose, 2009). Bridgland (2002) 
however, infers from the presence of submerged river terraces in the 
Thames that the immediate shelf area has been an area of net uplift 
during the Quaternary. Resolving the uplift history of the shallow shelf 
regions is therefore critical to our understanding of its Quaternary 
evolution.   
1.2.20 Inevitably, there is a more extensive record of the Late-Glacial to 
Holocene marine transgression in the southern North Sea (Funnell, 
1995). The traditional model is that during the initial stages of the marine 
transgression the area consisted of a shallow sea, however gradual 
flooding of the region, via the English Channel, continued until c. 8 to 8.3 
ka when sea levels were c. 30 m below present sea level (bpsl), and a 
connection between the North Sea and English Channel via the Deep 
Water Channel was established (Stride, 1989; Shennan et al., 2000).  
This simple model is beginning to be questioned with rapid sea level 
jumps (> 2m) being recorded in the Rhine-Meuse delta starting c. 8.45 ka 
(Hijma & Cohen, 2010) and lasting between 200 and 250 years. Further, 
Weninger et al (2008) suggest the Storegga slide tsunami catastrophically 
submerged the continental shelf c. 8.2 ka. 
1.2.21 Whatever the rate of sea level rise during the early Holocene, coastline 
configurations approximating today’s were reached by the Mid-Holocene 
(c. 5 ka).  Coincident with these were increases in tidal range and tidal 
current strengths until near present ranges and velocities were reached 
(Scourse and Austin, 1995; Shennan et al., 2000). 
1.2.22 Offshore, Holocene deposits include: the Elbow Formation, which consists 
of clays and fine sands interpreted as being laid down in intertidal or 
subtidal conditions; and the Bligh Blank Formation, a blanket deposit 
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consisting of medium sands with local mud laminae.  These sands were 
deposited under marine conditions and appear to have been derived from 
the reworking of Middle and Upper Pleistocene fluvial and marine 
sediments from between the Dover Strait and the Southern Bight 
(Cameron et al., 1989, 1992).   
1.2.23 Within the Outer Thames Estuary REC data it is considered that re-
working of these earlier sediments and the build-up of the major 
sandbanks was the dominant physical process operating in the area. 
However, even these processes were localised as the level of 
preservation of Pleistocene landscapes either exposed on the seabed or 
buried within the southerly channel system is exceptional.  
1.2.24 Acknowledging the chronologies of the Pleistocene deposits of East 
Anglia is still the subject of significant research (e.g. see the Special Issue 
of Quaternary International, 228, 1-2), and so the ages quoted here still 
have to be considered provisional. Irrespective of the final absolute ages 
of these Cromerian Complex II deposits, if the overarching correlation is 
correct this places the origins of this river system and its attendant 
landscape (which covers an area of c. 15,000 km2) to be concomitant with 
deposits at Pakefield, which were associated with the one of the earliest 
pieces of evidence of hominid activity in the British Isles and indeed north 
of the Alps (again variously ascribed to MIS 19-17 [Parfitt et al., 2005] or 
MIS15 [Westaway, 2009]). Note, during the course of this project, Parfitt 
et al (2010), have published data from deposits further north at 
Happisburgh which are from sequences dated between 990-780 ka. 
1.3. Aims and Objectives 
1.3.1 To properly resolve the importance of this landscape it is essential that an 
improved chronology of the offshore deposits is therefore obtained. This 
can be achieved in two phases:  
1.3.2 Firstly, through the acquisition and subsequent analysis of additional 
geophysical and core data, from targeted sections of the Thames REC, in 
order to develop a morphological model.  
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1.3.3 Secondly, through dating the litho- and seismos-stratigraphies derived in 
the first phase. The variable nature of the deposits that were anticipated 
to be found offshore, required a range of dating techniques to be used on 
material from both the inorganic and organic fractions. Further, the suite 
of techniques to be used had to be capable of providing a chronology 
from the early Middle Pleistocene through to Holocene.  
1.3.4 This MEPF project was therefore designed to: 
• acquire a small amount of additional geophysical data along the axis 
of the main east-west channel system to supplement that analyse 
during the Outer Thames Estuary REC in order to identify key sites 
for coring.  Subsequently, this data was supplemented by extensive 
legacy seismic data and core logs kindly provide by the members of 
the Resource Management Association. 
• acquire thirty, six metre long, vibrocores from across the Outer 
Thames Estuary relic landscape.  
• log, photograph and undertake particle size analysis on all of the 
acquired cores.  
• provide a litho-stratigraphic interpretation of these data and to 
correlate with seismo-stratigraphic interpretations developed from 
the seismic data. 
• date a range of material using a combination of amino acid 
racemization; optically stimulated luminescence; electron spin 
resonance; radiocarbon; and palaeo-secular variation.   
1.3.5 It was recognised that within the time frame and budget of this project 
undertaking, palaeo-environmental analysis (palynology, macro-flora, 
macro- and micro-faunal; clast analysis and sediment geochemistry) was 
not possible but a strategy for undertaking this work in the future has 
been put in place. 
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2. Geophysical Data – Justin Dix and POLA 
2.1. Methodology and previous work 
2.1.1 Two sources of geophysical data were obtained during the course of this 
project: 55 square line kilometres of swath bathymetry (and co-registered 
backscatter) and 25 line kilometres of boomer seismic data from both the 
central and outer sections of the principal palaeo-river channel were 
acquired in collaboration with the Port of London Authority (Figure 9). This 
was to provide targeted supplementary data to that obtained during both 
the Outer Thames Estuary REC survey and as part of the Outer Thames 
Estuary Marine Aggregate Regional Environmental Assessment (MAREA) 
project for the Thames Estuary Dredging Association (TEDA). The details 
of this survey are provided in Section 2.2. 
2.1.2 In addition, 30 square kilometres of swath bathymetry data (2 m 
resolution) was kindly provided by the Harwich Harbour Authority, which 
covered the main Harwich navigation channel and surrounding seabed 
(Figure 9). Two further, modern datasets have been pursued during the 
course of this project (including: swath, side scan, sub-bottom and core 
logs): one from the Outer Gabbard Windfarm and one from the Galloper 
Extension. Unfortunately, neither of these arrived in time to be included in 
this project but we anticipate working on these over the next twelve 
months to further develop our models. 
2.1.3 The second source of geophysical data represented several hundred line 
kilometres of paper roll boomer data provided by members of both the 
RMA and TEDA (Figure 10) and associated survey charts. The survey 
charts were digitally scanned, geo-rectified and added to the master GIS 
for this project, providing navigational data with an accuracy of c. ± 10m. 
Similarly, all of the boomer rolls have been digitally scanned, water depths 
and tidal corrections calculated and approximate two-way travel time 
conversion undertaken. 
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Swath Bathymetry CoverageOuter Thames Estuary
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Figure  10
RMA Seismic DataOuter Thames Estuary
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2.1.4 These reprocessed seismic images have been integrated with the core 
data (Section 6 and Appendix II) and will be ultimately used for the 
production of a four-dimensional, calibrated seismo-stratigraphic model.   
2.1.5 In addition to the geophysical data, these organisations also provided 133 
additional borehole logs and core photo imagery (Figure 11). These were 
used on a site specific level to aid with the core location process and 
ultimately will be added to the three-dimensional, calibrated seismo-
stratigraphic model.    
2.2. Port of London Authority Survey Overview 
2.2.1 To achieve the maximum coverage the survey work was carried out 
utilising the PLA survey vessel “Verifier” with the Reson SeaBat 8101 
multi-beam echosounder. Data was used from beams between the nadir 
and 65°-70°.  
2.2.2 Originally built in 1989, the “Verifier” was converted for hydrographic use 
by Damen Trading of Holland and commissioned in 2001. Of 20.6m LOA, 
5.6m Beam, 1.7m Draft and 44 tonnes displacement, the vessel has a 
deep ‘vee’ hull designed by Amgram/Camarc.  At conversion, the 
superstructure was modified to provide accommodation for the survey 
team and equipment and give all-round visibility from the wheelhouse.  
Powered by twin Caterpillar 3412TA engines, of 1100 bhp for 23Kts high-
speed deployment, the ship has a gyro compass and hydraulic auto-pilot 
steering system and is capable of a variety of surveying tasks at speeds 
up to 12 Knots. The vessel also has a 1.2 tonne hydraulic crane and a 3 
tonne electric winch, at the stern, for deploying remote survey sensors. 
She is fitted with three davits, for manual wreck sweeping and carries a 4 
metre RIB, to assist with survey work. The Verifier has been fitted out to 
the following specifications: 
2.2.3 Position fixing:  Trimble 4000 DGPS used to compute differentially 
corrected position data are received from PLA in house VHF Differential 
transmitters, EGNOS and the Trinity House Beacon Service. 
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Figure  11
RMA Core Logs and PhotographsOuter Thames Estuary
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2.2.4 Motion Sensor:  Applanix PosMV Version 4 Inertial navigation unit 
providing positional and orientation data.  
2.2.5 Multi-Beam EchoSounder: Hull mounted Reson 8101, 240 KHz 
frequency system triggering at 40Hz. Beam width of 1.5 x 1.5° covering a 
150° swath. The Reson unit is fitted with the Side scan and snippets 
option which allows the measurement of true side scan amplitude based 
data representing a cell 1.5° along track by 10-60cms depending on the 
range. 
2.2.6 Single Beam EchoSounder: Odom Echotrac DF 3200 Mk II dual 
frequency (200 and 33Khz), with Neptune Sonar model 77 dual frequency 
transducer. 
2.2.7 Sound velocimeters: Reson Navitronic SVP15 SVP & Reson Digibar 
Pro. 
2.2.8 Before the survey commenced, all survey systems were calibrated using 
a standard patch test and verified in order to ensure that data being 
collected was valid and within the stated accuracies. The aim of the patch 
test is to determine any residual roll angle, pitch angle, azimuth angle, 
and time offset of the MBES.  A recognised field procedure is carried out 
in order to confirm current calibration results.  This involves acquiring data 
whilst running survey lines over different types of bathymetric relief at 
differing speeds, reciprocal directions, and offset to identifiable targets. 
The PLA carries these out once every month to confirm that the 
permanent hull-mounted MBES remains within specification. A Patch Test 
had been carried out prior to the commencement of survey activities and 
offset corrections determined for the MBES head. Test results were in 
good agreement with previous results and no offset changes were applied 
in post processing. 
2.2.9 The survey was carried out between the 16th March 2010 and 18th March 
2010. The survey area consisted of two separate areas, Outer Gabbard, 
to the east of the windfarm and a central area between the Inner Gabbard 
and the East Shipwash buoy.  
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2.2.10 Data was collected on the 16th predominantly in the Outer Gabbard Area 
(Bathymetry longitudinally along the east and west margins and centre of 
the channel, then bathymetry and boomer data collected on cross-lines) 
and with lines in/out in the Main Area. Subsequently, on the 17th and 18th, 
work was concentrated in the central area. On the 17th both bathymetry 
and boomer data was acquired whilst on the 18th only bathymetry was 
acquired. 
2.2.11 To ensure the accuracy and consistency of the multi-beam data 
measurements regular speed of sound profiles were made during survey 
operations and applied online. The data collected on the 17th and 18th was 
used to extrapolate to the Outer Gabbard area as the SVP equipment 
was not available for the 16th. 
2.2.12 Tidal levels were recorded throughout the survey on the PLA’s automatic 
tide gauge network. The gauge at Walton was chosen with time and 
range adjustments made in corroboration with Admiralty co-tidal lines. 
Times were adjusted related to HW Walton -20mins and LW Walton -35 
mins. The heights were reduced by 40% factor of the range at Walton. 
Hypack software was used to perform the reduction of depths within the 
editing software. Cross checks between data recorded at different states 
of tide and on different days were carried out and the best fit values, as 
shown above, were calculated. The data was initially reduced using PPK 
tides through the Applanix PosPac software, but poor GPS data resulted 
in incorrect height calculations. This was deemed too inaccurate for the 
data to be presented to the University of Southampton.  
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2.2.13 The survey is referred to the WGS84 Spheroid and ITRF2000 Datum.  All 
coordinate positions refer to a Transverse Mercator Projection and UTM 
Grid Zone 31N. The geodetic parameters for the WGS-84 Spheroid and 
Datum are as follows: 
Geodetic Parameters – Geophysical Survey 
Parameters Values 
Spheroid WGS-84 
Semi-Major Axis (a) 6 378 137.000m 
Semi-Minor Axis (b) 6 356 752.314m 
First Eccentricity Squared (e2) 0.006694380067 
Inverse Flattening (1/f) 298.257223563 
Datum ITRF2000 
Projection Universal Transverse Mercator Zone 31 
Central Meridian (CM) 3°E (UTM Zone 31) 
Latitude of Origin 0° 
False Easting 500 000m 
False Northing 0m 
Scale Factor on CM 0.99960 
Table 1: Geodetic Parameters – Geophysical Survey 
2.2.14 The final DTM and XYZ files were produced at 2.5 m resolution. These 
data were utilised to aid identification of appropriate sites for coring 
(identification of cables, UXO or non-explosive debris that could hinder 
the coring process) and enhance the morphological interpretation 
undertaken during the REC project (EMU Ltd., 2009) and discussed in 
Sections 6 and 7. 
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3. Core Acquisition – FAOL and Justin Dix  
3.1. Introduction 
3.1.1 Following analysis of all of the available data at the time a total of 30 
vibrocores sites were identified across the area (Figure 12). Localities 
were chosen to obtain four major transects across the main east-west 
channel system, including the inferred interfluves, supplemented by 
individual sample localities at inner and outer sections of the main 
channel, targeted at either thicker channel sequences or individual gravel 
deposits. Four cores were targeted on buried sections of the northern 
most river system, with two others targeting tributaries of the main 
channel. Two sites targeted the enclosed deeps, and finally one site 
targeted a tributary of the southernmost river system at the edge of the 
Outer Thames Estuary REC to test the hypothesis that post-Anglian 
diversion deposits are present within this system.  
3.1.2 Fugro Alluvial Offshore Ltd (FAOL) and Fugro Survey Limited (FSLTD – 
the latter to provide positioning and reporting services) were sub-
contracted to acquire these cores and to deliver them to the British Ocean 
Sediment Core Research Facility, housed at the National Oceanography 
Centre, Southampton.  
3.1.3 The work was undertaken from the VOS Baltic during the 12th and 13th 
May 2010. For cost effectiveness the cruise was undertaken in tandem 
with Wessex Archaeology who wished to acquire cores off the East 
Anglian coast as part of their Marine ALSF project “Seabed Prehistory: 
Site Evaluation Techniques (Area 240) (EH 5684DT)”. 
3.2. Methods 
3.2.1 Surface Positioning: Positioning was provided by two SPM units, 
supplied with DGPS corrections via their internal demodulator cards and 
outputting Starfix.HP and Starfix.XP solutions. Correction signals were 
received from the EUSAT to both SPM’s. 
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3.2.2 Primary DGPS Navigation – Starfix HP: acquired through a Fugro 
SPM2000 L1/L2 DGPS receiver with integrated demodulator, with 
correction data from the Fugro SeaStar DGPS corrections network, being 
acquired from the differential carrier via EUSAT communications satellite. 
The corrections were automatically selected on range and quality and 
output as Fugro HP computation telegram to Starfix.Seis. 
3.2.3 Secondary DGPS Navigation - Starfix XP: acquired through a Fugro 
SPM2000 L1/L2 DGPS receiver with integrated demodulator, with 
correction data acquired from the differential carrier via EUSAT 
communications satellite. The corrections were based on clock and orbit 
data and output as Fugro XP computation telegram to Starfix.Seis. 
3.2.4 The Primary Starfix DGPS antenna was located on the roof of the VOS 
Baltic’s wheelhouse. The Secondary Starfix DGPS antenna was located 
on the bridge deck. Antenna offsets were measured using a tape 
measure and were mapped in the local vessel coordinate system. A 
position comparison was carried out between the Starfix HP and Starfix 
XP systems prior to survey operations. The accuracy of the primary and 
secondary DGPS positioning systems was checked alongside Great 
Yarmouth on 10 May 2010. Table 2 documents the results of the 
accuracy check: 
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System 1 HP Fw Antenna 2 HP Aft Antenna 
X Offset (Stbd +ve) 3.05 2.30 
Y Offset (Fwd +ve) 17.5 6.66 
Z Offset (Stbd +ve) 9.79 5.73 
   
Statistics DE DN 
Mean 0.39 0.28 
St Dev 0.01 0.02 
Max 0.41 0.33 
Min 0.36 0.25 
   
Date  10/05/2010 
Time Start  16:38 
Time End  16:43 
Table 2: Vessel CRP Position Derived from Primary and Secondary 
Positioning Systems 
 
3.2.5 Table 3 gives the reference stations utilised during positioning operations, 
supplying differential corrections from the Fugro SeaStar DGPS 
corrections network: 
Station Name ID Latitude Longitude Height (m) 
Leidschendam 521 52o 05’ 44.907” N 004o 24’ 16.550” E 67.98 
Aberdeen 571 57o 11’ 56.337” N 002o 05’ 32.230” W 103.21 
Shannon 530 52o 41’ 30.273” N 008o 55’ 04.741” W 78.03 
Rogaland 580 58o 52’ 47.480” N 005o 43’ 26.251” E 75.49 
Table 3: Starfix Reference Stations 
3.2.6 Gyrocompass Checks: A TSS Meridian survey standard gyrocompass 
provided heading information and data was displayed by the online 
Starfix.Seis navigation system. A GPS vector gyro was also interfaced to 
provide backup in case of primary system failure. A check of the vessel’s 
primary and secondary gyrocompasses was conducted on 10 May 2010 
while the vessel was alongside in Great Yarmouth by tape measurement 
to the quayside. The results are tabulated in Table 4: 
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Gyrocompass C-O 
Meridian -89.74o 
GPS2GYRO +1.37 
Table 4: Gyrocompass Checks 
3.2.7 The Meridian gyro C-O takes into consideration the alignment of the 
gyrocompass on the vessel, in this case perpendicular to the vessel 
centreline. The C-O values for the primary Meridian Gyro and the 
secondary GPS Gyro were applied in the Fugro SEIS navigation software. 
3.2.8 EchoSounder Checks and Tides: The VOS Baltic was equipped with a 
Reson TC2122 33/210 kHz dual frequency echo sounder set to operate at 
210 kHz. All digital depth data is time-flagged and logged by the 
Starfix.Seis computer. Offsets for the echosounder were determined by 
means of existing vessel documentation and entered into Starfix.SEIS. 
The reference point for draught measurements was established as the 
gunwhale on the main deck and the draught was calculated as 3.455m. 
All soundings were logged as raw, and the draught measurement applied 
after data acquisition. For the University of Southampton site all depths 
were reduced to LAT, as per client specification, by predicted tides to the 
nearest Standard Port of Harwich. 
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3.2.9 Geodetic Parameters:  
GPS Positioning Datum Parameters – Core Acquisition: 
Datum WGS-84 
Ellipsoid GRS80 
Semi-Major Axis (a) 6 378 137.000m 
Inverse Flattening (1/f) 298.257222101 
Project Projection Parameters: Transverse Mercator 
Grid Projection UTM. N. Hemisphere 
UTM Zone 31N 
Central Meridian (CM) 3°E 
Latitude of Origin  0° 
Longitude of Origin 3°E 
False Easting 500 000m 
False Northing 0m 
Scale Factor on CM 0.99960 
Datum Shift Parameters: 
Shift dX (m) n/a Rotation rX (o) n/a Scale Factor (ppm) n/a 
Shift dY (m) n/a Rotation rY (o) n/a   
Shift dZ (m) n/a Rotation rZ (o) n/a   
Table 5: Project Geodetic and Projection Parameters – Core Acquisition 
3.2.10 Coring method: FAOL deployed a High Performance Corer™ which 
utilises electric motor technology designed to optimise excitation 
frequency and vibration amplitude to suit a range of sediment conditions. 
The HPC™ can apply more than twice the power and five times the 
vibration amplitude of a standard vibrocorer in order to enhance sample 
recovery. The core barrel chosen was 6 m long, with 101.6 mm outer 
diameter and 93.6 mm inner diameter, which could take clear PVC liners 
with an outer diameter of 88.9 mm and an internal diameter of 84.14 mm. 
3.3. Results 
3.3.1 A total of 34 Vibrocore samples were taken at pre-determined locations, 
east of Felixstowe, including re-tests at locations 6, 11, 21 and 30. Each 
position was derived from the average of 100 fixes logged over a 100 
second period immediately after placing the Vibrocore on the seabed. All 
 34 
cores were acquired from locations within 6 m of their intended position. 
Positions of all samples are tabulated below and shown in Figure 12: 
Table 6 (Overleaf):  FOAL vibrocore locations, including offset from 
original position and water depth to CD 
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Location Date Time 
[UTC+1] 
Easting Northing 
Distance 
from 
Intended (m) 
Water 
Depth 
Reduced 
to LAT (m) 
1 12/05/10 10:17 402122.2 5757379.9 -14.49 -16.59 
2 12/05/10 10:52 402023.17 5757384.82 -14.50 -16.60 
3 12/05/10 11:33 401818.11 5757394.4 -14.61 -16.71 
4 12/05/10 12:13 401673.07 5757409.8 -16.81 -18.91 
5 12/05/10 12:55 401922.88 5757206.36 -15.42 -17.52 
6 12/05/10 13:33 401990.83 5757198.41 -15.07 -17.17 
6_1 12/05/10 14:06 401991.3 5757198.12 -15.07 -17.17 
7 12/05/10 15:06 402199.22 5756771.76 -12.94 -15.04 
8 12/05/10 06:40 401398.99 5761410.4 -11.77 -13.87 
9 12/05/10 16:30 390620.79 5754040.41 -8.17 -10.27 
10 12/05/10 05:59 404206.86 5763007.51 -14.01 -16.11 
11 12/05/10 04:44 404597.86 5762981.3 -12.85 -14.95 
11_1 12/05/10 05:18 404596.57 5762983.17 -12.80 -14.90 
12 12/05/10 08:45 403345.97 5759230.18 -14.69 -16.79 
13 12/05/10 07:59 403554.77 5759799.22 -17.15 -19.25 
14 12/05/10 09:16 402932.97 5758748.67 -19.96 -22.06 
15 12/05/10 17:55 398091.41 5744153 -14.47 -16.57 
16 12/05/10 02:29 412094.4 5766709.33 -17.94 -20.04 
17 12/05/10 01:40 410878.76 5768012.76 -18.98 -21.08 
18 12/05/10 23:22 410053.56 5771697.36 -22.15 -24.25 
19 12/05/10 01:07 409934.59 5768431.18 -23.39 -25.49 
20 12/05/10 03:14 413771.87 5766734.22 -37.02 -39.12 
21 12/05/10 00:07 410216.81 5768766.55 -20.44 -22.54 
21_1 12/05/10 00:35 410218.61 5768765.85 -20.44 -22.54 
22 12/05/10 21:46 414530.04 5757678.66 -27.58 -29.68 
23 12/05/10 22:20 414440.29 5757398.8 -29.97 -32.07 
24 12/05/10 22:50 414348.67 5757118.45 -31.17 -33.27 
25 12/05/10 23:31 416928.16 5756596.44 -32.37 -34.47 
26 12/05/10 19:57 407322.9 5756091.35 -24.81 -26.91 
27 12/05/10 20:35 407465.47 5756264.16 -24.86 -26.96 
28 13/05/10 02:19 437372.25 5756762.09 -32.06 -34.16 
29 13/05/10 03:34 439996.33 5754549.5 -41.27 -43.37 
30 13/05/10 01:18 435522.8 5756890.65 -34.30 -36.40 
30_1 13/05/10 01:43 435518.73 5756894.04 -34.30 -36.40 
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4. Lithology and Stratigraphy – Fraser Sturt 
4.1. Introduction 
4.1.1 From the thirty-four locations cored (four re-tests were required as 
described in Section 3.3.1.: Figure 12) a total of 137.92 m of core were 
recovered with typical recovery rates ranging from 60-100%. 
4.1.2 The cores were delivered to the British Ocean Sediment Core Research 
Facility (BOSCORF) for splitting, photographing, logging, magnetic 
susceptibility measurements and sub-sampling for dating (Section 5) and 
particle size analysis (Section 4.2).   Core logging was undertaken by F. 
Sturt. Identification of selected shells visible on the surface of split cores 
(and all samples taken for AAR) was carried out by K. Penkman during 
the first two days of logging activity, and then by F. Sturt, R. Preece, D. 
keen and B. Demarchi. Macrofossil material visible on the 
surface/displaced during splitting of cores was also logged by F. Sturt. 
The results from these activities were integrated through use of ArcGIS 
10, Rockworks 15 and LogPlot 7 software packages.   
4.1.3 Although the original cores were reduced to CD (as described in Section 
3.2.8), to ensure consistency in recorded depths, the decision was made 
to extract elevations in relation to Chart Datum (CD) for core tops from the 
bathymetry chart provided by SeaZone Ltd.  This enabled us to account 
for mis-recorded water depths at two locations and problems associated 
with conversion to CD across the area. 
4.1.4 To enable comparison with the terrestrial data, these depths were then 
converted to Ordnance Datum Newlyn. As described in Burningham & 
French (2008), the relationship between Chart Datum and Ordnance 
Datum (OD) varies geographically depending on the tidal regime and is a 
particularly important consideration when moving across a large region 
like the greater Thames estuary. One solution to this is to create a trend 
model based on surface interpolation between UKHO tidal reference 
stations. However, for the accuracies required at this stage of analysis, a 
simple static shift of 2.1 m based on the recorded OD-CD differences of 
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Harwich & Sunk Head were used.  We estimate this gives a vertical error 
of ± 0.1 m.  Ultimately, we intend to convert the whole bathymetry from 
CD to OD using the UK VORF software to further reduce conversion 
error. 
4.1.5 The final CD and OD depth values used in this study are described 
overleaf: 
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VC Number Easting Northing Depth CD Depth OD Notes 
1 402122.2 5757379.9 -14.49 -16.59  
2 402023.17 5757384.82 -14.50 -16.60  
3 401818.11 5757394.4 -14.61 -16.71  
4 401673.07 5757409.8 -16.81 -18.91  
5 401922.88 5757206.36 -15.42 -17.52  
6 401990.83 5757198.41 -15.07 -17.17  
7 402199.22 5756771.76 -12.94 -15.04  
8 401398.99 5761410.4 -11.77 -13.87  
9 390620.79 5754040.41 -8.17 -10.27  
10 404206.86 5763007.51 -14.01 -16.11  
11 404597.86 5762981.3 -12.85 -14.95 No Recovery 
11_1 404596.57 5762983.17 -12.80 -14.90  
12 403345.97 5759230.18 -14.69 -16.79  
13 403554.77 5759799.22 -17.15 -19.25  
14 402932.97 5758748.67 -19.96 -22.06  
15 398091.41 5744153 -14.47 -16.57  
16 412094.4 5766709.33 -17.94 -20.04  
17 410878.76 5768012.76 -18.98 -21.08  
18 410053.56 5771697.36 -22.15 -24.25  
19 409934.59 5768431.18 -23.39 -25.49  
20 413771.87 5766734.22 -37.02 -39.12  
21 410216.81 5768766.55 -20.44 -22.54  
21_1 410218.61 5768765.85 -20.44 -22.54  
22 414530.04 5757678.66 -27.58 -29.68  
23 414440.29 5757398.8 -29.97 -32.07  
24 414348.67 5757118.45 -31.17 -33.27  
25 416928.16 5756596.44 -32.37 -34.47  
26 407322.9 5756091.35 -24.81 -26.91  
27 407465.47 5756264.16 -24.86 -26.96  
28 437372.25 5756762.09 -32.06 -34.16  
29 439996.33 5754549.5 -41.27 -43.37  
30 435522.8 5756890.65 -34.30 -36.40 Recovery 
30_1 435518.73 5756894.04 -34.30 -36.40  
Table 7: Locations and Final Elevations in CD and OD for vibrocore sites 
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4.2. Particle Size Analysis– Charlie Thompson 
4.2.1 A total of 264 samples were taken from 28 cores and visually assed for 
their texture. Those containing sand were initially weighed, then wet 
sieved through a 63-micron sieve to separate the fines from the coarse 
fraction. All fine material was retained. Remaining samples were dried, 
weighed, and dry sieved to 24,000 microns to determine sand and gravel 
proportions. Samples not containing sand were analysed using a Coulter 
Laser Diffraction Particle Size Analyser. 
4.2.2 Material > 63-microns (the coarse fraction) was dry sieved through a set 
of ½ phi (sand) and ¼ phi (gravel) sieves (63, 90, 125, 180, 250, 355, 
500, 710, 1000, 1400, 2000, 2800, 4000, 5600, 8000, 11,200, 13,400, 
16,000 and 24,000 microns) following the procedures of the American 
Society for Testing Materials, ASTM D422-63 (Standard Test Method for 
Particle-Size Analysis of Soils, 2007) .  
4.2.3 Where fine fraction (< 63 micron) concentrations exceeded 5% the 
samples were soaked in a 5% solution of calgon to break down flocs and 
aggregates. A Coulter LS 130 Laser Diffraction Particle Size Analyser 
(with micro sample module) was used to determine the grain size 
distribution. All distributions are the average of three replicates. 
4.2.4 Mean, sorting, skewness and kurtosis were calculated using the 
geometric method of moments using the GRADISTAT analysis package 
(Blott and Pye, 2001).  Where f = frequency in per cent and mm is the mid-
point of each class interval in metric units;  
 Mean: 
 
x g = exp
f ln mm∑
100  
 Sorting (standard deviation): 
 
σg = exp
f (ln mm − ln x g )
2∑
100
 
 Skewness: 
 
Skg =
f (lnmm − ln x g )
3∑
100lnσg
3  
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Kurtosis: 
 
Kg =
f (lnmm − ln x g )
4∑
100σg
4
 
 
4.3. Results 
4.3.1 The primary aim of this project has been to establish the broad chrono-
stratigraphic sequence for the study area.  Detailed lithological logging 
has been carried out (shown in Figures 13-43: Appendix I), and integrated 
with photographs, particle size data, magnetic susceptibility readings and 
the results of the dating analyses, described in Section 5.  It should be 
noted that photographs presented in Figures 13-43 (Appendix I) have not 
been colour corrected at this time. In addition, the vertical and horizontal 
distortion of images created within the logs means that they are presented 
as an aid to the reader, rather than an interpretive tool. In academic 
publications produced following this project, colour corrected logs will be 
presented.   
4.3.2 It should be noted that a full environmental assessment has not been 
carried out as a part of this project, but is anticipated to occur over the 
summer of 2011 (Section 7). As such, stratigraphic interpretation has 
erred on the conservative; aggregating rather than splitting units.  Thus, 
there remains the potential to refine interpretation with regard to 
understandings of process and environment following further research, 
and verification of the identified trends. At present, analysis of the cores 
has revealed nine key stratigraphic units (Table 8), described in turn over 
the following sub-sections: 
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Table 8: Stratigraphic units defined for the cores acquired during this 
project. 
 
4.3.3 Eocene Silts This unit comprised stiff to firm silts. As shown in Figure 44, 
it unit occurs across the entire study area, either underlying later deposits, 
or outcropping at the surface (as in VC30_1).  The Table 9 shows the 
cores within which the unit was identified, and its associated elevations. 
This unit is interpreted as being Eocene Silts, noted as being the 
predominant bedrock formation within the study area by the Outer 
Thames Estuary Regional Environmental Characterisation (2009, 33). 
 
 
 
Unit Interpretation 
9. Holocene sands, silts and gravels Holocene seabed sediments. 
8. Holocene shallow 
marine/estuarine alluvium 
Shallow marine and estuarine deposits 
laid down in the Holocene. 
7. Holocene freshwater silts 
Low energy silts deposited as a result 
of rising groundwater levels (ponding).  
Often with a high humic content. 
6. Late Glacial/Early Holocene Peat 
Fen peat forming due to rising ground 
water levels during the late glacial/early 
Holocene. 
5. Late Pleistocene/Early Holocene 
Silts, Sands and Gravels 
Pleistocene marine deposits. 
4. Pleistocene shallow marine 
deposits/estuarine alluvium 
Pleistocene shallow marine and 
estuarine deposits.  Largely low energy 
in nature, with tidal rhythmites often 
visible. 
3. Pleistocene Peat and humic silts 
Peat likely to have been formed in 
response to rising sea-levels during the 
later Pleistocene. 
2.  Pleistocene Silts, Sands and 
Gravels 
Pleistocene fluvial and marine sands, 
silts and gravels 
1.  Eocene Silts Low energy Eocene marine silts 
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VC Number Top mOD Base mOD 
7 -19.98 -20.29 (end of core) 
18 -24.32 -26.46 (end of core) 
20 -39.12 (surface outcrop) -39.7 (end of core) 
25 -40.19 -40.25 (end of core) 
29 -43.37 (surface outcrop) -43.77 (end of core) 
30_1 -36.47 -36.71 (end of core) 
Table 9: Locations and elevations for Eocene silts. 
4.3.4 Pleistocene Silts, Sands and Gravels: This unit includes silts, sands 
and gravels laid down, and potentially reworked, under a variety of 
conditions; from the fluvial gravel sequences visible in the base of 
VC11_1, and VC22, 23 and 24 to potential marine deposition in VC11_1.  
These deposits were recorded in the following cores: 
VC Number Top mOD Base mOD 
11_1 -19 -20.04 (end of core) 
12 -21.73 -21.97 (end of core) 
15 -16.57 (surface outcrop) -20.51 (end of core) 
16 -21.13 -24.58 (end of core) 
17 -25.19 -26.07 (end of core) 
19 -25.49 (surface outcrop) -30.44 (end of core) 
22 -35.48 -35.68 (end of core) 
VC21_1 -22.55 -27.33 (end of core) 
23 -35.13 -35.70 
24 -35.68 -35.74 
26 -30.47 -30.61 
Table 10: Locations and elevations for Pleistocene, Sands and Gravels. 
4.3.5 As Figure 45 illustrates, all of the locations are to be found at the western 
margin of the study area, a feature that will be discussed in the following 
sections. This unit has been interpreted as complex sequence of 
Pleistocene deposits.  It includes potential fluvial gravels, moving through 
to lower energy estuarine deposits. This unit has the potential to be sub-
divided into a series of different deposits reflecting changing sedimentary 
regimes across the study area. Thus although the majority of this unit is 
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thought to relate to fluvial deposits, a conservative interpretation is offered 
until further clast analysis can be carried out.  
4.3.6 Pleistocene Peat and organic rich silt: This unit was recorded in two 
cores (shown in Figure 46).  It consists of a thin layer of detrital peat in VC 
17, and an organic rich/humified silt in VC12. It has been dated by its 
relative position in relation to OSL dates from VC12, and >43000 BP 
returns from radiocarbon dates (Beta-291869 and 291870) in VC17 (See 
Discussion in Section 7). Figure 52 shows the location of the two cores, 
with organic silt deposits coming from the margins of the main east/west 
channel in VC12, and peat from a potential relict tributary system in VC 
17. This unit has been interpreted as Pleistocene peat/organic/humic silts 
which could either have formed in response to falling, or rising sea-levels.  
The stratigraphy interpreted from each core tentatively suggests the latter.   
VC Number Top mOD Base mOD 
12 (silt) -21.69 -21.73 
17 (peat) -24.97 -25.19 
Table 11: Locations and elevations for Pleistocene Peat and organic 
rich/humic silt deposits 
4.3.7 Pleistocene shallow marine/estuarine alluvium: This unit (Figure 46) 
comprised a series of sandy silts and silty sands.  In the case of VC26, it 
has also been expanded to include one higher energy marine deposit of 
sandy gravel, sandwiched between two lower energy deposits.  Horizontal 
bedding of sands and silts is frequently visible, along with marine shell 
fragments.   
4.3.8 This unit is interpreted as Pleistocene shallow marine/estuarine deposits.  
The dating of this unit has been derived from its position in relation to 
AAR, OSL, radiocarbon samples and seismic data. 
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VC Number Top mOD Base mOD 
7 -17.19 -19.98 
9 -15.42 -16.56 
10 -21.05 -22.45 
12 -17.12 -21.69 
13 -20.12 -22.65 
17 -23.51 -24.97 
22 -35.07 -35.48 
23 -34.92 -35.13 
24 -35.38 -35.68 
Table 12:  Locations and elevations for Pleistocene shallow 
marine/estuarine alluvial deposits. 
4.3.9 Late Pleistocene/Early Holocene Sands, Silts and Gravels: This unit 
comprised another complex sequence of Pleistocene sands, silts and 
gravels.  The ‘Late’ Pleistocene sands, silts and gravels were not easily 
distinguishable from the previously discussed Pleistocene sands, silts and 
gravels. The distinction was made when a dated layer was present, or 
through correlation with seismic data. This unit was recorded in seven 
cores, the locations of which are shown in Figure 47, with elevations given 
in the table below:   
VC Number Top mOD Base mOD 
5 -19.02 -21.68 
6 -17.17 -20.89 
17 -22.84 -24.97 
22 -35.09 -35.68 (end of core) 
23 -34.85 -35.7 (end of core) 
24 -34.79 -35.77 (end of core) 
25 -37.95 -40.19 (end of core) 
Table 13: Locations and elevations for Late Pleistocene sands, silts and 
gravels. 
4.3.10 This unit has been interpreted as a sequence of later Pleistocene/Early 
Holocene deposits.  It includes reworked fluvial gravels, moving through 
to full marine deposits.  This unit has the potential to be further sub-
divided into a series of different deposits reflecting changing energy 
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levels/water depths across the study area during the Pleistocene and 
Holocene.   
4.3.11 Late Glacial/Early Holocene Peat: This unit comprised of detrital peat. It 
was recorded in four cores, the locations of which are shown in Figure 48, 
with the elevations given in Table 14.  It should be noted that in the case 
of VC 13, VC23 and VC24 good upper contacts were visible.  As such, 
subject to further work, these hold the potential to become sea-level index 
points. 
VC Number Top mOD Base mOD 
13 -19.99 -20.12 
22 -34.94 -35.07 
23 -34.75 -34.92 
24 -34.73 -34.79 
 Table 14:  Locations and elevations for Late Glacial/Early Holocene Peat 
4.3.12 Holocene freshwater humic silts:  This unit comprised fine grained silts, 
with visible bands of high organic/humic content.  The unit is interpreted 
as having formed under a continuing trend of rising groundwater 
conditions leading to ponding.  Wood fragments and rootlet activity was 
recorded within this unit.   Table 15 (below) gives the associated 
elevations for this unit and Figure 48 shows its distribution.   
VC Number Top mOD Base mOD 
22 -34 -34.94 
23 -33.5 -34.75 
24 -34.67 -34.73 
27 -32.89 -33.07 (end of core) 
Table 15:  Locations and elevations for Holocene freshwater humic silts 
4.3.13 Holocene Shallow Marine Deposits:/Estuarine Alluvium This unit 
consists of coarse to fine grained silt deposits, with tidal couplets 
frequently visible.  Figure 49 shows the locations of the cores within which 
this deposit was recorded, while Table 16 gives the associated elevations 
for the unit. 
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VC Number Top mOD Base mOD 
1 -16.95 -17.69 
2 -20.47 -23.168 
3 -22.62 -23.20 
4 -18.91 -22.53 (end of core) 
5 -17.73 -19.02 
7 -16.66 -17.19 
10 -16.43 -21.05 
22 -31.99 -33.99 
24 -34.12 -34.66 
26 -27.85 -30.47 
27 -29.3 -32.89 
Table 16:  Locations and elevations for Holocene marine silt deposits 
4.3.14 This unit has been interpreted as a sequence of Holocene estuarine and 
marine silts, leading into shallow marine deposits. As Figure 49 makes 
clear, these deposits sit within the main east/west palaeochannel cut and 
areas proximate to it.   
4.3.15 Holocene Silts, Sands and Gravels: This unit consists of coarse silts 
through to reworked gravel deposits, up to 6m thick.  It occurred within 
twenty seven of the cores.  Figure 50 shows the location of these cores, 
while Table 17 gives the elevations for this unit: 
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VC Number Top mOD Base mOD 
VC01 -16.6 -17.69 
VC02 -16.6 -20.48 
VC03 -16.71 -22.62 
VC05 -17.52 -17.73 
VC06 -17.17 -20.89 
VC07 -15.04 -16.66 
VC08 -13.87 -17.71 
VC09 -10.27 -15.42 
VC10 -16.11 -16.43 
VC11_1 -14.9 -19 
VC12 -16.79 -17.12 
VC13 -19.25 -19.99 
VC14 -22.06 -28.04 
VC16 -20.04 -21.13 
VC17 -21.08 -23.51 
VC18 -24.52 -24.32 
VC21 -22.55 -25.2 
VC22 -29.69 -32 
VC23 -32.07 -33.5 
VC24 -33.27 -34.12 
VC25 -34.47 -35.79 
VC26 -26.91 -26.95 
VC27 -26.96 -28.93 
VC28 -34.16 -39.92 
VC29 -43.37 -43.41 
VC30_1 -36.4 -36.47 
 Table 17: Locations and elevations for identified Holocene silt, sands and 
gravels 
4.3.16 This unit often had shell fragment inclusion and is interpreted as the 
current marine seabed sediment.  In addition, this unit includes sediments 
indicated to be of Holocene age through the results of one or more dating 
techniques, but where currently analysis has not been able to distinguish 
earlier shallow marine from current seabed activity. 
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4.4. Discussion:  
4.4.1 The stratigraphy discussed above represents a first order analysis, where 
lithology and seismic records have been combined to provide 
interpretation.  In addition, evidence from the different dating methods 
adopted within this project has been used to extrapolate likely time 
periods for deposition.  However, as with all work of this nature there is 
room for considerable refinement.   
4.4.2 Environmental assessment of the core material (planned for summer 
2011) will help to separate out aggregate units, and verify stratigraphic 
interpretations presented here.  In addition, clast analysis of the coarser 
deposits, coupled with environmental assessment, should help to better 
differentiate fluvial and marine deposits.  However, the results presented 
above mesh well with the geophysical data (Section 6) presented in 
Figures 65 to 94 (Appendix II).  
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5. Chronology 
5.1. Introduction 
5.1.1 The dating of a submerged terrestrial landscape potentially three-quarters 
of a million years old is a challenging research venture. Even in terrestrial 
environments dating such surfaces would be a testing project, but the 
potential for re-working and re-setting of geological chronometers during 
eight transgressive-regressive cycles make dating the submerged surface 
in the Thames even more complex. 
5.1.2 Recent reviews by Walker & Lowe (2007) and Rose (2009) demonstrate 
that there are only a limited number of dating techniques that could be 
used to look at land surfaces around the Early-Middle Pleistocene 
transition (MIS16-19). Using these recent reviews we undertook our own 
analysis of the recent literature and discussions with a number of national 
and international scientists before making our final choice of dating 
approaches. 
5.1.3 For the oldest potential material we identified three possible approaches: 
5.1.4 Amino acid racemization (AAR) dating: is now one of the principal 
methods for dating Quaternary aggregate deposits beyond the range of 
radiocarbon dating (Penkman et al., 2008b). AAR is rapid, has a wide 
time-range (potentially the whole of the Pleistocene) and can be used in 
either a relative or an absolute chronological sense. 
5.1.5 The technique measures the extent of protein decomposition with time, 
such that upon the death of an organism, diagenetic reactions begin to 
degrade the L-amino acids, which are dominant in the living organism, to 
D-amino acids through the process of racemization. Hence measurement 
of the D/L ratio represents a record of time since death.    
5.1.6 As a relative dating tool, the technique is known as aminostratigraphy, 
which is based on the premise that over a limited geographic range and 
elevation, samples will experience a similar thermal history (Mean Annual 
Air Temperature ±1oC; temperature amplitude at collection site, ±6oC). 
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Over such a limited region, samples with similar D/L are of the same age, 
those sites with higher D/L are older, and those with lower D/L are 
younger (Miller & Clarke, 2007). 
5.1.7 However, the rate of decay is strongly dependent on the thermal history of 
the organism, so to develop an absolute rather than relative chronology 
an independent assessment of the thermal history of the organism is 
required. Conversion to absolute dates can be achieved through 
modelling the thermal history of an area and empirically or theoretically 
calculating the temperature effect on the rate of racemization (e.g. 
Westaway, 2009). Alternatively, direct comparison of the derived 
aminostratigraphy, with an independently dated aminostratigraphy from 
an adjacent site can be used to develop an absolute chronology.   
5.1.8 Relative chronologies will be developed for the suite of cores, 
comparisons made to the terrestrial aminostratigraphy and calibrations 
made between them using independent geochronology and 
palaeotemperature estimations. For the Thames region the recent work of 
Penkman and co-authors (2008b; 2010) and Westaway (2009) means 
there is a recently well study terrestrial aminostratigraphy for comparison. 
The full method and results are discussed in Section 5.2. 
5.1.9 Electron Spin Resonance (ESR) dating: is based on the measurement 
of radiation-sensitive ESR signals which can begin to form either after 
crystallization or during regrowth after being reset to zero/ reduced to a 
residual level by exposure during depositional processes. In ESR optical 
dating, characteristic ESR signals in detrital quartz grains are reduced or 
zeroed by daylight exposure, and then regrow during burial of the quartz 
in sediments due to exposure to natural radiation. The method resembles 
the better-known techniques of thermoluminescence (TL) and optically 
stimulated luminescence dating but has the potential to date much older 
deposits, possibly up to more than 5 Ma, due mainly to a slower growth to 
saturation of the signals compared with OSL or TL (Rink et al, 2007). 
5.1.10 A range of materials can be dated using this technique including corals 
and tooth enamel, but the approach can also be used with mollusc shells, 
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ostracods and quartz grains all evidently prevalent in the Thames 
stratigraphy. The analysis of the biogenic material is relatively standard 
(e.g. Grun, 2007) but for the quartz grains a more recently developed 
method focusing specifically on the optical response of Ti and Al within 
the quartz lattice will be undertaken (e.g. Rink et al., 2007). The success 
of this technique is particularly sensitive to the initial resetting of the 
mineral grains prior to burial, however, a quick and cheap test of the 
saturation state of all of the samples can be undertaken prior to full ESR 
analysis, so making this a cost effective approach (Section 5.5).   
5.1.11  Magnetostratigraphy is a well-established palaeomagnetic technique 
that is commonly used to provide chronological constraints on fine 
grained sedimentary sequences. This approach requires the analysis of 
the Detrital Remanent Magnetisation (DRM) of magnetic grains within the 
sediments using standard demagnetisation techniques to recover the 
inclination of the DRM and determine whether the sediments were 
deposited in a normal or reversed geomagnetic polarity chron. Correlating 
results to the Global Polarity Time Scale (GPTS) allows a chronology for 
the sampled section to be established and a corresponding sediment 
accumulation rate to be calculated. The time window of particular interest 
in this project is close to the last polarity reversal at 780 ka (Brunhes-
Matuyama transition). Consequently, establishing a normal or reverse 
polarity signature would provide a bounding date for the sedimentary 
sequence and hence help to constrain the chronology. Assuming the 
original hypothesis (outlined in Chapter 1) is correct and a normal polarity 
is recorded it would immediately bracket the land surface between 780 ka 
and 450 ka (the established date of the Anglian Glacial Maximum). 
Interestingly, if the results suggest a transition date, high resolution 
documentation of the transition, at a UK location, will significantly 
augment the European magnetic secular variation curve, as the reversal 
process itself is still poorly understood because it occurs on very short 
geological timescales (1,000 to 10,000 years). 
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5.1.12 On splitting the first cores it became apparent that the sediments sampled 
represented a wide range of dates, potentially from the early time periods 
we were originally interested in all the way through to the Late Holocene. 
It was therefore necessary to expand the range of dating techniques to be 
used (at no extra cost as we were able to reduce the number of samples 
required for the original costed techniques) to include as follows: 
5.1.13 Optically Stimulated Luminescence (OSL) for quartz grains is a 
technique that reliably provides dates back to the Eemian (MIS5e – 116-
132 ka: e.g. Lian & Roberts, 2006; Lian, 2007; Wintle, 2008; Duller, 
2008a). A small number of studies pushing dates back to MIS12 (c. 450 
ka) have been published (e.g. Huntley et al., 1993; Pawley et al., 2008), 
with two studies (Yoshida et al., 2000; Rhodes et al., 2006) reporting 
dates back to c. 950 kya. However, these are from ‘supergrains’ of quartz 
which through very long exposure times have acquired saturation doses 
of > 400 Gy and in the case of the very earliest dates > 600 Gy.  Such 
early dates from this environment are therefore at the current limit of the 
techniques available. It is worth noting, that an early OSL date (577.2 ± 
65.4 ka – note the 11% uncertainty) has been recently obtained from a 
core off Great Yarmouth as part of the ALSF Seabed in Pre-history 
Project (Volume IV) but not as yet published in a peer-review journal. 
5.1.14 Professor Geoff Duller and Dr Helen Roberts, from Aberystwyth University 
were approached and agreed to undertake both range finder dates (a 
quicker lower accuracy approach to establish if we did have older (> 
Eemian) or younger deposits), followed by full OSL dates where 
appropriate (Section 5.3). 
5.1.15 Radiocarbon AMS: a number of the cores contained organic material 
and so a series of samples were selected for sampling (Section 5.4) to 
provide resolution on the younger sediments or, conversely, confirm the 
presence of older sediments. In addition, a number of the shell samples 
used for the AAR analysis were also sent for radiocarbon dating to 
provide calibration dates for these relative curves.  
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5.1.16 The identification and availability of this material came at a late stage in 
the project and the use of radiocarbon dating was not considered a 
primary objective of this project as the focus was on dating material well 
beyond the range of this technique. So in the time available and in 
discussion with English Heritage dating specialists we decided to send 
these samples to Beta Analytical who were able to provide us with initial 
dates in an appropriate time frame and within cost. 
5.1.17 In the next phase of analysis we intend to send additional samples to the 
NERC Radiocarbon Facility, particularly the more difficult to work with 
shell material, and to engage further with the English Heritage dating 
specialists to optimise the dates obtained so far.   
5.1.18 Palaeomagnetic Secular Variation (PSV): rapidly accreting sediments 
can provide a valuable continuous record of the recent behaviour of the 
Earth’s magnetic field.  The geomagnetic field undergoes temporal 
changes that affect both its direction and strength. Fine-grained 
sediments can carry a detrital Natural Remanent Magnetisation (NRM), 
where small magnetic particles are free to move within the water filled 
voids of newly deposited sediment, and their magnetic moments align 
with the ambient magnetic field (Wagner, 1998). 
5.1.19 Batt (1999) reported that the intensity of magnetisation tends to be 
highest in finer-grained deposits of clay, silty clay or silt than in sandier 
material. It is suggested that this is a result of magnetised grains having 
more time to align in the geomagnetic field while settling. In addition, Batt 
(op cit.) suggested that magnetisation of sandy deposits may be less 
stable, partly due to the reduced time for remanence acquisition during 
deposition and because such grains are likely to display multi-domain 
behaviour. It is also suggested that sandy samples may be more prone to 
grain reorientation caused by moisture loss after sampling.   
5.1.20 During burial and compaction of the sediment, the magnetic properties 
become locked in position giving the sediment an overall magnetic 
moment parallel to the geomagnetic field at the time. A long core of 
sediment can therefore carry a stratigraphic record of changes in the 
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geomagnetic field direction (e.g Turner and Thompson, 1979, 1981 and 
1982; Snowball et al., 2007; Zananiri et al., 2007). This record consists of 
a measure of the inclination and declination of the geomagnetic field at 
the time the magnetisation is acquired. The declination is the directional 
deviation of the horizontal component of the Earth’s magnetic field vector 
from geographic north, and the inclination is the angle of dip of the field. If 
the sediments from which these measurements are taken can then be 
independently dated (for example by bulk radiocarbon dates, varve 
chronologies [most of these curves are derived from lake sites] and 
comparison with other diagnostic chronologies such as pollen records) 
these enable the creation of palaeo-secular variation (PSV) curves, which 
are generally considered to be useful for correlation for sites within 1000 
km of the master curve (Daly & Goff, 1996). 
5.1.21  The determination of sedimentary and archaeological ages is based on a 
comparison of the direction of the remanent magnetisation (which as can 
be seen in Figure 51 consist of a series of identifiable maxima and 
minima) of the material with a standard calibrated curve showing the 
changes in the direction of the geomagnetic field over time. 
5.1.22 A number of curves have been generated over the last thirty years but 
only two cover the entire Holocene: the UK Master curve of Turner & 
Thompson (1982) and a Fennoscandinavian (FENNOSTACK) curve 
(Snowball et al, 2007; Stanton et al., 2010). The former is naturally the 
standard for the UK (although the curve of Zananiri et al 2007 supersedes 
it for the last 4000 years) but there are issues with the veracity of the bulk 
sediment radiocarbon dates that are used to calibrate the core. By 
comparison, the FENNOSTACK curve, which has been calibrated by a 
combination of both bulk radiocarbon ages and varve chronologies is over 
1500 km away and so spatial variations in the geomagnetic field are not 
easily resolved (Figure 51). 
5.1.23 A modern alternative is the use of multi-site calibrated archaeomagnetic 
models which are used to predict the measured palaeosecular variation 
for a given latitude and longitude. A number of these models exist of  
Relic Palaeo-Landscapesof the Thames EstuaryFigure  51
Drawn :  J. Dix
Palaeosecular Variation Master Curves:Turner & Thompson, 1982Snowball et al., 2007
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which only two can provide predictions for the bulk of the Holocene, these 
are: CALS7K.2 (Korte & Constable, 2005; Korte et al., 2005) providing 
curves back to 7000 BP and a combination of SCHA.DIF.3K and 
SCHA.DIF.8K (Pavon-Carrasco et al., 2009 and 2010 respectively) that 
can provide predictions back to 8000 BP. 
5.1.24 These modelled curves provide adequate corrections for spatial variation 
in the geomagnetic field but inevitably provide overly smoothed data. 
Consequently, the most recent approaches to the use of PSV curves to 
date minerogenic sedimentary sequences is to make qualitative and 
quantitative comparisons with a range of both measured and modelled 
PSV curves (e.g. Sagnotti et al., 2011). 
5.1.25 U-tube samples for twenty-six metres of core were analysed from across 
thirteen cores and analysed using the University of Southampton 2G 
magnetometer (these samples will be discussed in Section 5.6).   
5.2. Amino Acid Racemization - Kirsty Penkman & Richard Allen 
5.2.1 Introduction: Amino acid analyses were undertaken at the York 
Laboratory (NEaar) on mollusc shells from sixteen cores (species 
identification having been undertaken by Professor Richard Preece, 
Professor David Keen and Bea Demarchi). This involves isolating the 
intra-crystalline protein fraction of shell (Penkman et al., 2008a). This 
laboratory has been developing an improved methodology for the 
technique, and studies are ongoing to calibrate the amino acid data with 
reference to other dating techniques.   
5.2.2 This new technique of amino acid analysis has been developed for 
geochronological purposes (Penkman, 2005; Penkman et al., 2007; 
2008a), combining a new Reverse-Phase High Pressure Liquid 
Chromatography method of analysis (Kaufman & Manley, 1998) with the 
isolation of an “intra-crystalline” fraction of amino acids by bleach 
treatment (Sykes et al., 1995). This combination of techniques results in 
the analysis of D/L values of multiple amino acids from the chemically-
protected protein within the biomineral; enabling both decreased sample 
sizes and increased reliability of the analysis.  
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5.2.3 Theory: Amino acids, the building blocks of proteins, occur as two 
isomers that are chemically identical, but optically different.  These 
isomers are designated as either D (dextrorotary) or L (laevorotary) 
depending upon whether they rotate plane polarised light to the right or 
left respectively (Figure 52).  In living organisms the amino acids in 
protein are almost exclusively L and the D/L value approaches zero1
 
.  The 
potential application to geochronology arises from the fact that after death 
amino acid isomers start to interconvert. This process is commonly 
termed racemization. In time the D/L value approaches one. The 
proportion of D to L amino acids is therefore an estimate of the extent of 
protein degradation, and if this is assumed to be predictable over time can 
be used to estimate the age of a sample. Other indications of protein 
decomposition, such as the degradation of unstable amino acids, can also 
be used to estimate age. 
Figure 52: L- and D-amino acid structure 
5.2.4 Mechanisms of racemization: The rate of racemization is governed by a 
variety of factors, most of which have been studied in detail only for free 
amino acids.  North East amino acid racemization (NEaar) analyse the 
intra-crystalline amino acid fraction and in this way, within a closed 
environment in which other factors (water content, concentration of 
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cations, pH) are constant, the extent of racemization is a function of time 
and temperature. Over a small geographical area, such as that 
represented in this study, it can be assumed that the integrated 
temperature histories are effectively the same. Any differences in the 
extent of decomposition of protein within the sample are therefore age-
dependent. 
5.2.5 Intra-crystalline protein decomposition: The organic matter existing 
within individual crystals (intra-crystalline fraction) is believed to be a more 
reliable substrate for analysis than the whole shell (Sykes et al., 1995; 
Penkman, 2005; Penkman et al., 2008a). The initial bleaching step in the 
recovery of the intra-crystalline fraction removes both secondary 
contamination and the organic matrix of the shell. This organic matrix 
degrades and leaches at an unpredictable rate over time, leading to 
variation in the concentration and D/L of the amino acids.  Thus, as 
appears to be the case in ostrich eggshell (Miller et al., 2000), the D/L 
values of amino acids in the intra-crystalline fraction of shells have been 
analysed; in the case of ostrich eggshell no bleaching step was used.  
The molluscan racemization data reported therefore contrasts with 
previous work that examined D/L values from whole mollusc shells 
containing both intra- and inter-crystalline material. 
5.2.6 This isolation of the intra-crystalline fraction is believed to provide a 
closed system repository for the amino acids during the burial history of 
the shell.  Only the amino acids within this fraction are protected from the 
action of external rate-affecting factors (except temperature), 
contamination by exogenous amino acids and leaching. Amino acids 
within the whole shell are not protected and can be leached out into the 
environment. Figure 53 shows a schematic of the intra-crystalline fraction 
with respect to the whole shell. The low level of Free amino acids 
observed in the inter-crystalline fraction of unbleached samples (Penkman 
et al., 2007) indicates that these have been lost through diagenesis, and 
as these tend to be more highly racemized than the Total fraction, this 
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loss would lead to a lower than expected D/L for the Total fraction of the 
whole shell. 
 
Figure 53: Schematic of intra-crystalline amino acids entrapped within carbonate 
crystallites. Unlike the proteins of the organic matrix between the crystallites, 
which leach from the shell with time, in a closed “intra-crystalline” system the 
amino acids are entrapped.  Thus the relationship between the DL ratios of 
different amino acids and between free (non-protein bound) and total (both free 
and originally protein-bound amino acids, released by acid hydrolysis) amino 
acids is predictable.  Analysis of the whole shell would result in lower than 
expected D/L for the total fraction, due to the loss of the more highly racemised 
frees. 
5.2.7 Traditionally AAR studies targeted a single amino acid racemization 
reaction, that of L-isoleucine to D-alloisoleucine (A/I), due to the technical 
ease of separation and its slow rate of racemization. The approach used 
in this study diverges from this, as dates are derived from the analysis of 
multiple amino acids. Whilst racemization rates differ between individual 
amino acids, they should be highly correlated in a closed system.   By 
linking together different amino acids, and then linking this to a 
temperature driven model of decay, which includes hydrolysis, 
racemization and degradation, the extent of protein degradation can be 
derived. The pattern of decomposition appears to be different between 
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mollusc genera, requiring separate models for each genus or species 
studied.   
5.2.8 Amino acid racemization is governed by the original protein sequence and 
conformation.  Whilst developing the research into closed-system protein 
degradation it became clear that the reaction rates were species-specific, 
even in the intra-crystalline fraction (Penkman et al., 2007; Davies et al., 
2010). This necessitates the comparison of amino acid data only within a 
single species, meaning that data from one species cannot be directly 
compared to amino acid data obtained from another species.   
5.2.9 Once a closed system inside a mollusc shell has been isolated, then the 
kinetics of protein decomposition are much simpler to predict. In this 
laboratory the concept of age estimation using the extent of overall Intra-
crystalline Protein Degradation (IcPD) has been devised, which links the 
hydrolysis, racemization and decomposition of all the amino acids isolated 
by this method. The concept behind the IcPD is to combine multiple 
information from a single sample to derive an overall measure of the 
extent of diagenesis of the protein in that fossil. Similar ideas have been 
used before, although not in such a comprehensive way (Wehmiller et al., 
2010). Divergence from the normal in a plot of A/I vs Gly/Ala is thought to 
indicate leaching in molluscs (Murray-Wallace and Kimber, 1987), while 
Kaufman (2000) used ratios of Asx to Glx to screen out samples with any 
unusual values. 
5.2.10 In a closed system, it should be possible to predict the relationship 
between geological time and IcPD increase, using not just racemization 
but other measures of protein decomposition, such as total and relative 
concentrations.  It follows from the innovations above that, assuming 
sampling is from an idealised closed system, the pattern of protein 
decomposition governs the observed racemization of (a) free amino acids 
and (b) the total system, (c) the percentage of free amino acids and (d) 
the total concentration of amino acids. 
5.2.11 This model can also be used as a method of assessing the internal 
reliability of each biomineral used and to determine how closely these 
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substrates approximate to a closed system. Subsequently 
palaeotemperature information can be included and estimates made of 
the link between degradation and absolute age in environments with 
fluctuating temperatures. If an accurate temperature model is used, then 
age estimates can be derived directly from the IcPD data, although the 
results presented here do not incorporate any palaeotemperature 
information and are presented simply as a relative dating tool. 
5.2.12 Materials: Samples were taken from cores stored at the National 
Oceanography Centre in Southampton.  The cores were halved and any 
potentially viable shell samples apparent on the cut surface of the cores 
were selected. In two cases a small portion of sediment was removed 
from the cores and sieved for terrestrial molluscs.  Nine samples of the 
left-over shell material were sent to Beta-Analytical for radiocarbon 
analysis (Section 5.1.15), the full details for each sample taken for Amino 
acid racemization (AAR) analyses are given in Table 18: 
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VC Number Species No.  
 
Depth (mOD) NEaar ID NOR ID 
1 
Littorina 
obtustata 1 -19.17 6515 10Lit1 
1 
Littorina 
obtustata 1 -21.22 to -21.52 6507 5Lit1 
2 
Littorina 
obtustata 1 -17.61 to -18.00 6508 6Lit1 
4 Hydrobia sp. 3 -19.36 to -19.79 6288-6290 19Hyd1-3 
4 Hydrobia sp. 3 -21.41 to -21.91 6291-6293 20Hyd1-3 
5 
Ocenebra 
erinacea 1 -18.9 6280 15SWI1 
5 
Buccinium 
undatum 1 -18.9 6281 15Bun1 
6 
Littorina 
obtustata 1 -17.92 6516 11Lit1 
6 
Littorina 
obtustata 1 -20.39 6517 12Lit1 
7 
Buccinium 
undatum 1 -15.64 6282 16Bun1 
7 
Hinia reticulata 
1 -15.64 6283 16Hre1 
7 
Littorina 
obtustata 1 -16.20 6518 13Lit1 
7 Pectinadae sp. 2 -18.54 to -18.64 6284-6285 17SCA1-2 
8 Hydrobia sp. 2 -15.01 to -15.17 6294-6295 21Hyd1-2 
9 
Calliostoma 
zyzyphinum 2 -13.97 6629-6630 26Czy1.1-2 
11_1 
Littorina 
obtustata 2 -19.18 6509-6510 7Lit1-2 
15 
Littorina 
obtustata 1 -17.83 to -17.91 6511 8Lit1 
15 
Littorina 
obtustata 1 -19.57 to -20.38 6519 14Lit1 
15 
Littorina 
obtustata 3 -19.57 to -20.57 6512-4 Lit1-3 
15 
Gibbula 
magus 1 -17.83 to -17.91 6275 8Gma1 
15 Hinia reticulata 1 -17.83 to -17.91 6276 8Hre1 
15 
Buccinium 
undatum 1 -17.83 to -17.91 6277 8Bun1 
15 Hinia reticulata 2 -18.22 6296-7 Hre1-2 
15 Unknown sp. 1 -18.22 6299 22??1 
15 
Gibbula 
magus 2 -19.57 to -20.57 6278-9 Gma1-2 
16 
Littorina 
obtustata 2 -20.55 6631-2 Lit1.1-2 
16 
Trophon 
muricatus 2 -22.28 to -22.34 6633-4 27Tmu1.1-2 
Table 18: Amino Acid Racemization species, depths and sample numbers 
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VC Number Species No.  
 
Depth (mOD) NEaar ID NOR ID 
23 
Bithynia 
tentaculata 3 -34.80 6635-7 29Bto1-3 
24 Unknown sp. 2 -33.55 6526-6527 23??1-3 
24 Unknown sp. 3 -34.13 to -34.31 6528-6530 24??1-3 
25 Hinia reticulata 2 -38.96 6286-7 Hre1.1-2 
27 Pectinadae sp. 3 -26.96 to -27.96 6531-6533 25Sca1-3 
27 
Bithynia 
tentaculata 2 -32.93 to -33.01 6177-6178 27Bto1-2 
28 
Littorina 
obtustata 2 -35.81 6257-8 1Lit1-2 
28 
Littorina 
obtustata 2 -37.96 6259-60 2Lit1-2 
28 
Littorina 
obtustata 2 -39.06 6261-62 3Lit1-2 
28 
Littorina 
obtustata 2 -39.77 6263-64 4Lit1-2 
Table 18 contd.: Amino Acid Racemization species, depths and sample 
numbers 
 
5.2.13 Sample Preparation: Shells were examined under a low powered 
microscope and any adhering sediment removed. The shell samples were 
then sonicated and rinsed several times in HPLC-grade water. The shells 
were then crushed to <100 µm. Only bleached samples were analysed.  
5.2.14 Bleaching: 50 µl of 12% solution of sodium hypochlorite at room 
temperature was added to each milligram of powdered sample and the 
caps retightened. The powders were bleached for 48 hours with a shake 
at 24 hours. The bleach was pipetted off and the powders were then 
rinsed five times in HPLC-grade water and a final rinse in HPLC-grade 
methanol (MeOH) to destroy any residual oxidant by reaction with the 
MeOH.  The bulk of the MeOH was pippetted off and the remainder left to 
evaporate to dryness.   
5.2.15 Hydrolysis: Protein bound amino acids are released by adding an 
excess of 7 M HCl to the bleached powder and hydrolysing at 110oC for 
24 hours (H*). 20 µl per milligram of sample of 7 M Hydrochloric Acid 
(HCl) was added to each Hydrolysis (“Hyd”, H*, THAA) sample in sterile 2 
ml glass vials, were flushed with nitrogen for 20 seconds to prevent 
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oxidation of the amino acids, and were then placed in an oven at 110°C 
for 24 hours.  After 10 minutes in the oven, the caps of the 2 ml vials were 
re-tightened to prevent the escape of vapour. After 24 hours, the samples 
were dried in a centrifugal evaporator overnight. 
5.2.16 Demineralisation: Free amino-acid samples (“Free”, F, FAA) were 
demineralised in cold 2 M HCl, which dissolves the carbonate but 
minimises the hydrolysis of peptide bonds, and then dried in the 
centrifugal evaporator overnight. 
5.2.17 Rehydration: When completely dry, samples were rehydrated with 10 µl 
per mg of Rehydration Fluid: a solution containing 0.01 mM HCl, 0.01 mM 
L-homo arginine internal standard, and 0.77 mM sodium azide at a pH of 
2.  Each vial was vortexed for 20 seconds to ensure complete dissolution, 
and checked visually for undissolved particles. Approximately 20 µl of 
rehydrated sample was then placed in a sterile, labelled 2 ml autosampler 
vial containing a glass insert, capped and then placed on the autosampler 
tray of the HPLC. For each set of sub-samples a blank vial was included 
at each stage to account for any background interference from the bleach, 
acid, or rehydration fluid added to the samples. 
5.2.18 Analysis of Free and Hydrolysed Amino Acids: Amino acid 
enantiomers were separated by Reverse Phase High Pressure Liquid 
Chromatography (RP-HPLC).  NEaar uses the method of Kaufman and 
Manley (1998) using an automated RP-HPLC system. This method 
achieves separation and detection of L and D isomers in the sub- 
picomole range. Samples (2 µl) were derivitised with 2.2 µl o-
phthaldialdehyde and thiol N-isobutyryl-L-cysteine automatically prior to 
injection. The resulting diastereomeric derivatives were then separated on 
Hypersil C18 BDS column (sphere d. 5 µm; 250 x 3 mm) using a linear 
gradient of a sodium acetate buffer (23 mM sodium acetate, 1.3 mM 
Na2EDTA; pH6), methanol, and acetonitrile on an integrated HP1100 
liquid chromatograph (Hewlett-Packard, USA).  
5.2.19 Individual amino-acids are separated on a non-polar stationary phase 
according to their varied retention times: a function of their mass, 
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structure, and hydrophobicity.  A fluorescence detector is used to 
determine the concentrations of each amino-acid and record them as 
separate peaks on a chromatogram.  A gradient elution programme was 
used to keep the retention time to below 120 minutes.   
5.2.20 The fluorescence intensity of derivitised amino acids was measured (Ex = 
230 nm, Em = 445 nm) in each sample and normalised to the internal 
standard. All samples were run in duplicate. Quantification of individual 
amino acids was achieved by comparison with the standard amino acid 
mixture.  
5.2.21 External standards containing a variety of D- and L- amino acids, allowing 
calibration with the analyte samples, were analysed at the beginning and 
end of every run, and one standard was analysed every ten samples.  
Blanks which had been subjected to identical preparation procedures 
were randomly interspersed amongst the standards. 
5.2.22 The L and D isomers of 10 amino acids were routinely analysed.  During 
preparative hydrolysis both asparagine and glutamine undergo rapid 
irreversible deamination to aspartic acid and glutamic acid respectively 
(Hill, 1965).  It is therefore not possible to distinguish between the acidic 
amino acids and their derivatives and they are reported together as Asx 
and Glx. 
5.2.23 Results: In total 268 analyses were undertaken at York University, all of 
which were on bleached samples. The extent of racemization in five 
amino acids (D/L of Asx, Glx, Ser, Ala and Val), along with the ratio of the 
concentration of Ser to Ala ([Ser]/[Ala]), are reported for both the Free and 
Hyd fractions. These indicators of protein decomposition have been 
selected as their peaks are cleanly eluted with baseline separation and 
they cover a wide range of rates of reaction. It is expected that with 
increasing age, the extent of racemization (D/L) will increase whilst the 
[Ser]/[Ala] value will decrease, due to the decomposition of the unstable 
serine.   
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5.2.24 The data obtained from Asx, Glx, serine (Ser), alanine (Ala) and valine 
(Val) are discussed in detail below. If the amino acids were contained 
within a closed system, the relationship between the Free and the Hyd 
fractions should be highly correlated, with non-concordance enabling the 
recognition of compromised samples (Preece & Penkman, 2005). The plot 
of Free to Hyd data from each sample can also be used as a relative 
timescale, with younger samples falling towards the bottom left corner of 
the graph and older samples falling towards the upper right corner, along 
the line of expected decomposition. The data from the MEPF samples 
have been plotted in this way below for each of the amino acids, and 
where appropriate with crosshairs representing the data obtained from 
other sites from the UK with independent geochronology. 
5.2.25 Patterns of protein breakdown and racemization: As the protein 
composition of each species is different, then the breakdown pattern of 
each species is also different, although the rates of the individual amino 
acids are generally similar. Therefore the data from the four key amino 
acids is presented for each species, and their relative rates discussed 
below.  
5.2.26 Asx is one of the fastest racemizing of the amino acids discussed here 
(due to the fact that it can racemize whilst still peptide bound; Collins et 
al., 1999). This enables good levels of resolution at younger age sites, but 
decreased resolution beyond MIS 5.  
5.2.27 Glx is one of the slower racemizing amino acids discussed here and so 
the level of resolution from young sites is less than that seen with faster 
racemizing amino acids such as Asx. However, the low levels of 
racemization do help discriminate between material of Middle Pleistocene 
age. It is noteworthy that Glx has a slightly unusual pattern of 
racemization in the free form, due to the formation of a lactam (see 
Walton, 1998).   This results in difficulties in measuring Glx in the Free 
form, as the lactam cannot be derivitized and is therefore unavailable for 
analysis.  
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5.2.28 Alanine (Ala) is a hydrophobic amino acid, whose concentration is partly 
contributed from the decomposition of other amino acids (notably serine). 
Ala racemizes at an intermediate rate, so is one of the most useful amino 
acids for distinguishing samples at these timescales. 
5.2.29 Valine has extremely low rates of racemization, and as the concentration 
of Val is quite low, the difficulty of measuring the D/L accurately results in 
higher variability.  It does however still prove useful for age discrimination 
within material of Middle Pleistocene age. 
5.2.30 The ratio of the concentrations of serine and alanine provides an 
extremely useful tool for age estimation. Serine is a very unstable amino 
acid, and it can degrade via dehydration into alanine (Bada et al., 1978).  
As the protein within a sample breaks down, the concentration of serine 
will decrease with an increase in the concentration of alanine, thus the 
[Ser]/[Ala] value will decrease with increasing time.  In order to ease the 
interpretation, the y-axes for [Ser]/[Ala] are plotted in reverse, so that the 
direction of increase in protein degradation is the same as for the 
racemization graphs. 
5.2.31 Littorina: The intra-crystalline protein within Littorina shells has been 
analysed for AAR geochronology (Demarchi, 2009; Davies et al., 2009) 
and so a small database of other material can be used to constrain the 
ages of the MEPF material.  It is clear from Figure 54 that the data fall into 
two groups, with the majority of samples analysed of an age intermediate 
between the Holocene and MIS 5e (VC1, VC2, VC6, VC7, VC11, VC16 
and VC28). Due to the paucity of Littorina data from Devensian & 
Holocene material, it is unclear whether there is any age resolution within 
the younger grouping, but further data would inform upon this. The 
Littorina sample from VC1 (Beta-292024) yielded a radiocarbon age of 
6830 ± 40 BP, while the sample from VC7 (Beta-292026) yielded a 
radiocarbon age of 7260 ± 50 BP.  The sample from VC28 (Beta-3716) 
yielded a 14C date of 8390 ± 50 BP. The 14C results are therefore 
consistent with this grouping being Early Holocene.  Unfortunately the 
only OSL analysis from cores yielding material falling into this younger 
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group (VC28) showed internal discrepancies and no age estimation is 
possible at this stage. 
 
Figure 54: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Littorina shells from MEPF. The error 
bars represent two standard deviations about the mean for data obtained 
from opercula from sites correlated with the Holocen and MIS 5e.  
Easington has been dated to MIS 7 by OSL.   
5.2.32 The Littorina sample from VC11-1 (Beta-3864) was taken from 4.28 m 
and yielded a radiocarbon age of 7690 ± 50 BP which fits with the low 
ratios.  An OSL sample taken from 4.75 m in VC11-1 yielded an age of 
73.4 ± 4.7 ka, potentially indicating a hiatus in deposition, an erosional 
surface or down core movement of shell material between 4.28 m and 
4.75 m in this core. 
5.2.33 The material from VC15 shows higher values, which is supported by the 
rangefinder OSL age of 120 ± 36 ka date obtained from this core.  
However, the shell samples do not yield data consistent with their 
stratigraphy within the core. This may mean that the stratigraphy is 
disturbed, the shells are reworked, or that the natural variability in this 
species is too high to yield resolution at this level. 
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5.2.34 Hydrobia: has only been analysed from two sites, Selsey and Lepe, of 
Late Middle Pleistocene age. The samples from VC4 and VC 8 show very 
similar levels of protein breakdown, significantly younger than that 
observed in the samples from Selsey and Lepe (Figure 55). The extent of 
racemization is similar to that observed in the younger grouping of 
Littorina, although caution is urged in making these comparisons across 
species.  An OSL age of VC8 at 3.29 m provided an age of 6.5 ± 0.3 ka, 
consistent with the low levels of protein breakdown observed in the 
Hydrobia samples from this core. 
 
Figure 55: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Hydrobia shells from MEPF and two 
Late Middle Pleistocene sites for comparison. 
5.2.35 Buccinium: This study is the first to isolate and analyse the intra-
crystalline protein of Buccinum. As can be seen from Figure 56, the 
samples do not all show the expected closed-system behaviour of a tight 
relationship of FAA to THAA, although the lack of data makes it unclear 
as to which samples are divergent. There is no additional dating 
information from VC5. The Littorina sample taken from below the 
Buccinum sample in VC7 forms part of the younger (early Holocene) 
grouping. Littorina has also been analysed from above and below the 
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Buccinum sample from VC15, and yields a Late Middle Pleistocene age. 
Until the closed-system behaviour of Buccinum is characterised, little 
more can be elucidated from these results. 
 
Figure 56: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Buccinum shells from MEPF.  As this 
species has not been analysed before, patterns of closed system 
behaviour have not yet been characterised.  
5.2.36 Hinia: This study is the first to isolate and analyse the intra-crystalline 
protein of Hinia.  The Hinia from VC7 yields the lowest ratios, consistent 
with the Littorina data from this core (Figure 57). However, the 
radiocarbon age on the Hinia (Beta-292025) was 30,210 ± 170 BP. As 
this Hinia sample was obtained from higher within the sequence than the 
Littorina which dates to the Holocene, this radiocarbon age should be 
treated with caution. The samples from VC25 show higher ratios, 
intermediate between VC7 and VC15. A radiocarbon date on this sample 
(Beta-292030) yielded an age of 33,450 ± 220 BP.  However, an OSL age 
of 15.6 ± 0.9 ka has been calculated from a depth of -20.34 mOD in this 
core, underlying the Hinia samples. The samples from VC15 show 
considerable scatter, and it is likely that the sample from -17.83 mOD has 
been compromised and does not show closed-system behaviour. 
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However, the samples from VC15 yield the highest ratios, consistent with 
the Late Middle Pleistocene age indicated by the OSL and Littorina data. 
 
Figure 57: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Hinia shells from MEPF.  As this 
species has not been analysed before, patterns of closed system 
behaviour have not yet been characterised. 
5.2.37 Gibbula: This study is the first to isolate and analyse the intra-crystalline 
protein of Gibbula. Only one core yielded this species, VC15, and again 
the relative extent of protein breakdown (Figure 58) is not consistent with 
the relative depth of the samples within the core.  While it is not always 
valid to compare data from different species directly, in the absence of 
other geochronological information the ratios obtained are similar in range 
to the Late Middle Pleistocene data from Littorina from this core. 
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Figure 58: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Gibbula shells from MEPF.  As this 
species has not been analysed before, patterns of closed system 
behaviour have not yet been characterised. 
5.2.38 Pecten: This study is the first to isolate and analyse the intra-crystalline 
protein of Pecten.  The sample from VC27 shows low levels of protein 
breakdown, consistent with its 14C date (Beta-292031) of 1470 ± 40 BP.  
The sample from VC7 shows much higher ratios (Figure 59).  Although 
the other species analysed from VC7 show ratios consistent with a 
Holocene or Devensian age, the Pecten sample was recovered from 
deeper within the core (3-4 m). The ratios would be consistent with an age 
in the Middle Pleistocene, although this cannot be constrained further due 
to the lack of comparable material from this species. The 14C activity on 
this shell (Beta-292027) was extremely low and almost identical to the 
background signal.  The most conservative interpretation of the age is 
infinite (i.e.greater than 43,500 BP), which fits with the amino acid data. 
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Figure 59: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ala 
(lower left) and Val (lower right) in Pecten shells from MEPF.  As this 
species has not been analysed before, patterns of closed system 
behaviour have not yet been characterised. 
5.2.39 Bithynia opercula: Amino acid data obtained from the intra-crystalline 
fraction of the calcitic Bithynia opercula has been found to be a 
particularly robust repository for the original protein.  This has enabled an 
increased level of resolution and therefore this material has been focused 
on in the two areas of terrestrial material recovered.   
5.2.40 Opercula were analysed from VC23 (2-3m) and VC27 (5-6m) as seen in 
Figure 60.  The extent of protein breakdown in these samples was similar, 
with VC23 yielding slightly lower ratios, although variability in VC27 was 
high.  The opercula results can be compared to the large database of 
Bithynia opercula collected (Penkman et al., 2008b).  The samples from 
these two cores are likely to be Late Glacial / possibly early Holocene in 
age. 
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Figure 60: D/L Hyd D/L Free for Asx (upper left), Glx (upper right), Ser 
(middle left), Ala (middle right), Val (lower left) and [Ser]/[Ala] (lower right) 
in Bithynia opercula from MEPF.  The error bars represent two standard 
deviations about the mean for data obtained from opercula from sites 
correlated with the Late glacial/Early Holocene, the Devensian, MIS 5e, 
MIS 7 and MIS 9. 
5.2.41 Other species: Three other known species were analysed: Ocenebra 
erinacea from VC5, Calliostoma zyzyphinum from VC9 and Trophon 
muricatus from VC16.  As these samples were analysed from single cores 
and there is no comparative data, the interpretation is limited. The data 
from the Ocenebra and Calliostoma show ratios similar to the younger 
group of Littorina, and although this may not be significant the 
Calliostoma data is consistent with the OSL age obtained on this core.  
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5.2.42 However, the Trophon sample from VC16 shows extremely high levels of 
protein breakdown, similar to that observed in Early Pleistocene samples.  
The top of this core yielded a Littorina sample which clusters with the 
early Holocene group of samples, while the Trophon sample comes from 
a depth of 2.24 – 2.3 m.  If this species does show closed system 
behaviour, then this would indicate that the lower portion of the core is 
considerably older than the upper part, and the rest of the samples 
analysed in this study.  A radiocarbon date (Beta-292029)  on this sample 
yielded an age of 36,880 ± 290 BP. 
5.2.43 Discussion: In the original project design, it had been anticipated that 
terrestrial material of Middle Pleistocene age would be recovered in the 
core material. However, this appears not to be the case, with the only two 
zones of terrestrial shell material recovered (from VC23 and VC27), both 
likely to be of Late Glacial or possibly Early Holocene age.   
5.2.44 The lack of terrestrial material meant that marine shells had to be used to 
develop the amino acid framework.  Whilst a few species of marine shells 
have been characterised for closed system behaviour (Demarchi, 2009; 
Davies et al., 2009; Demarchi et al., 2010), of these only Littorina and 
Hydrobia were present in the samples in this study.  The lack of 
comparable data from (a) the species analysed and (b) samples with 
independent geochronology of such young age limits the age 
interpretations, but despite this the ages provided by the amino acid study 
have been very useful.  It has been possible to provide age information 
for 16 cores, in some cases at multiple depths. The slow rates of 
racemization limit the level of resolution in young samples, but the amino 
acid geochronology has confirmed that the majority of the cores 
recovered are young, of Holocene or Devensian age. Three cores 
however have yielded significantly older material: the lower part of VC 7 
(possibly Middle Pleistocene); VC15 (probably Late Middle Pleistocene); 
and the lower part of VC 16 (possibly early Pleistocene). The amino acid 
data and interpretation are summarised in Table 19: 
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VC 
Number Species 
Depth 
(mOD) Age Estimate NOR ID 
1 Littorina obtustata -19.17 
Young group, early 
Holocene 
14C 6830 ± 40 BP 
Beta-292024 
1 Littorina obtustata 
-21.22 to 
-21.52 
Young group, early 
Holocene  
2 Littorina obtustata 
-17.61 to 
-18.00 
Young group, early 
Holocene  
4 Hydrobia sp. -19.36 to -19.79 
Younger than middle 
Pleistocene.  Similar 
values to young group 
of Littorina 
 
4 Hydrobia sp. -21.41 to -21.91 
Younger than middle 
Pleistocene.  Similar 
values to young group 
of Littorina 
 
5 Ocenebra erinacea -18.9 
No comparable 
material.  Similar 
values to young group 
of Littorina 
 
5 Buccinium undatum -18.9 
No comparable 
material.  Similar 
values to young group 
of Littorina 
 
6 Littorina obtustata -17.92 
Young group, early 
Holocene  
6 Littorina obtustata -20.39 
Young group, early 
Holocene  
7 Buccinium undatum -15.64 Possibly divergent  
7 Hinia reticulata -15.64 
No comparable 
material.  Youngest of 
Hinia in this study. 
14C 30210 ± 170 BP  
Beta-292025 
7 Littorina obtustata -16.20 
Young group, early 
Holocene 
14C 7260 ± 50 BP 
Beta-292026 
7 Pectinadae sp. 
-18.54 to 
-18.64 
No comparable 
material.  High ratios, 
consistent with Middle 
Pleistocene age 
14C >43,500 BP  
Beta-292027 
8 Hydrobia sp. -15.01 to -15.17 
Younger than middle 
Pleistocene.  Similar 
values to young group 
of Littorina 
OSL of 7.0 ± 0.4 ka at 
-17.16 mOD 
9 Calliostoma zyzyphinum -13.97 
No comparable 
material.  Similar 
values to young group 
of Littorina 
OSL of 6.5 ± 0.3 ka at -
14.47 mOD 
11_1 Littorina obtustata -19.18 
Young group, early 
Holocene 
14C 7690 ± 50 BP 
Beta-292028 
OSL of 73.4 ± 4.7 ka at 
-19.60 mOD 
Table 19: Summary of Amino acid data from the MEPF project, along with 
estimates of age. 
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Table 19 contd.: Summary of Amino acid data from the MEPF project, 
along with estimates of age. 
VC 
Number Species 
Depth 
(mOD) Age Estimate NOR ID 
15 Littorina obtustata 
-17.83 to 
-17.91 
Older group.  Late 
Middle Pleistocene?  
15 Littorina obtustata 
-19.57 to 
-20.57 
Older group.  Late 
Middle Pleistocene? 
OSL of 116 ± 6.5 ka at 
-20.02 mOD 
15 Gibbula magus 
-17.83 to 
-17.91 
No comparable 
material.  Similar 
values to Late Middle 
Pleistocene data from 
Littorina 
 
15 Buccinium undatum 
-17.83 to 
-17.91 
No comparable 
material. Older than 
material from VC 5.  
15 Hinia reticulata -18.22 
No comparable 
material.  Oldest of 
Hinia in this study.  
15 Gibbula magus 
-19.57 to 
-20.57 
No comparable 
material.  Similar 
values to Late Middle 
Pleistocene data from 
Littorina 
OSL of 116 ± 6.5 ka at 
-20.02 mOD 
16 Littorina obtustata -20.55 
Young group, early 
Holocene  
16 Trophon muricatus 
-22.28 to 
-22.34 
No comparable 
material.  Extremely 
high ratios, similar to 
that seen in Early 
Pleistocene material of 
other species. 
14C 36880 ± 290 BP 
Beta-292029 
OSL > 420 ka at -
23.64 mOD 
23 Bithynia tentaculata -34.80 
Late Glacial / Early 
Holocene 
OSL of 12.5 ± 0.6 ka at 
-35.57 mOD 
24 Unknown sp. -33.55 
No comparable 
material.  Similar 
values to young group 
of Littorina 
 
25 Hinia reticulata -38.96 
No comparable 
material. Older than 
material from VC 7. 
14C 33450 ± 220 BP 
Beta-292030 
OSL of 15.6 ± 0.9 ka at 
-39.77 mOD 
27 Pectinadae sp. 
-26.96 to 
-27.96 
No comparable 
material.  Low ratios. 
14C 1470 ± 40 BP 
Beta-292031 
27 Bithynia tentaculata 
-32.93 to 
-33.01 
Late Glacial / Early 
Holocene  
28 Littorina obtustata -35.81 
Young group, early 
Holocene  
28 Littorina obtustata -37.96 
Young group, early 
Holocene  
28 Littorina obtustata -39.06 
Young group, early 
Holocene  
28 Littorina obtustata -39.77 
Young group, early 
Holocene 
14C 8390 ± 50 BP 
Beta-292032 
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5.3. Optically S timulated Luminescence – Geoff Duller, Helen Roberts &  
H. Wynne 
5.3.1 Introduction: Two sets of OSL analyses were undertaken by the 
University of Aberystwyth, firstly a set of rangefinder ages were acquired 
from ten samples and then full set of OSL ages were acquired from eight 
of these.  
5.3.2 Rangefinder Ages use a number of approximations and short cuts to 
allow ages to be derived rapidly. However, the impact of these 
approximations and short cuts is that these ages are to be used as 
indicators of approximate age, and do not have the same accuracy and 
precision of optically stimulated luminescence (OSL) ages determined 
using more conventional methods. The idea of Rangefinder Ages is 
described in Roberts et al. (2009). Comparison with conventionally 
derived OSL ages suggests that Rangefinder Ages have uncertainties of 
~30% on final ages. 
5.3.3 Rangefinder Ages use the same basic concept as conventional OSL 
ages, namely that certain minerals can act as natural dosemeters, 
recording the amount of radioactivity that they have been exposed to in 
nature. The dosemeters have their signal set to zero by exposure to 
daylight at the time of deposition, and this is the event that is dated. 
Natural radioactivity from surrounding sediments, and from cosmic rays, 
cause the signal within the dosemeter to increase through time.  In the 
laboratory the amount of radiation that the dosemeter has been exposed 
to can be measured using luminescence – this dose is known as the 
palaeodose, or equivalent dose (De). The rate at which the signal 
increases is dependent upon the dose rate from the surrounding 
sediment. The equation for the age is: 
( ) ( )( )kaGyRateDose
GyDoseEquivalentkaAge
/
=
 
5.3.4 Conventional luminescence dating methods are summarised in Duller 
(1996, 2004) and Lian and Roberts (2006). Much recent work has used 
quartz as the dosemeter for luminescence dating as it has proved to give 
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accurate ages in the range from a few decades to in excess of 100,000 
years (Murray and Olley 2002), and this is the approach used here.  
5.3.5 Sample Collection: Samples were taken from cores stored at the 
National Oceanography Centre (NOC), Southampton. All sub-sampling 
was undertaken within the cool store at NOC under subdued red lighting 
in order to prevent damaging the luminescence signal. For most of these 
samples the core liners were cut in the daylight immediately prior to 
sampling. Before the cores were split into two, they were brought into the 
specially adapted cold store where red light conditions prevailed. At that 
point the cores were split into two. This meant that all of the sediment in 
the centre of the cores could be sampled for luminescence 
measurements, confident that none of the grains were exposed to 
daylight. Since the core liners were see-through, no material within 3-5 
mm of the edges of the core was collected for luminescence dating as this 
would have been exposed on retrieval of the cores. 
5.3.6 Sample Preparation Rangefinder Age: preparation for Rangefinder 
Ages is a shortened version of the normal preparation procedure used for 
quartz. For Rangefinder analysis samples for luminescence analysis are 
wet sieved to remove material coarser than 355 µm, treated with 50% HCl 
for ~24 hours to remove carbonates, and then etched in 40% hydrofluoric 
acid for 45 minutes. This last step is designed to remove the majority of 
feldspars and to etch the outer surface of the quartz grains to remove the 
alpha irradiated layer. For sample TE04 which contained a significant 
proportion of silt and clay, the sample was washed in sodium 
pyrophosphate four times to disaggregate the sample and wet sieved at 
both 355 and 90 µm in order to isolate grains within this range. 
5.3.7 The major limitations of this shortened procedure are (1) that the range of 
grain sizes ultimately used for luminescence measurements is not well 
constrained and (2) that there is more potential for feldspar contaminants 
to remain in the sample after preparation than for the full preparation 
procedures. 
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5.3.8 Dose rate determination: The radiation dose to sedimentary grains 
arises from naturally occurring radionuclides in the surrounding sediment 
(potassium, and the decay series of uranium and thorium) and cosmic 
rays. The cosmic ray dose can be calculated based upon knowledge of 
the thickness of the overburden (Prescott and Hutton 1994). For the 
current samples, this overburden consists both of the sedimentary 
overburden and several metres of water above the sediment-water 
interface. A value of 0.06 Gy/ka was estimated for the cosmic dose rate.  
5.3.9 The radionuclides surrounding the sample produce alpha, beta and 
gamma radiation. Quartz is assumed to have no radionuclides within it, 
and so all radiation is derived from outside of the grains used for 
luminescence measurements. The alpha contribution can be ignored 
because the HF etching that forms part of the sample preparation 
removes the outer 10µm of the quartz grains, and this removes the 
majority of the alpha irradiated material. In conventional measurements, 
the beta and the gamma dose rates would both be determined. For 
Rangefinder Ages only the beta dose is measured, and this is done using 
a rapid assessment based on 4 hours of counting using a GM-25-5 beta 
counter (Bøtter-Jensen and Mejdahl 1988) instead of the longer 24-48 
hour measurement used normally (Table 20).  The gamma dose is then 
estimated by using the observation that the ratio of gamma to beta dose 
for a suite of 427 samples (Roberts et al. 2009) averages 0.591 (Table 
20). This approximation of the gamma dose will lead to some additional 
uncertainty on the final age compared to full conventional OSL ages.  
5.3.10 The total dose rate to the sample during burial is the sum of the beta dose 
rate, gamma dose rate and the cosmic ray dose rate. The beta and 
gamma dose rates need to be corrected for the grain size of the material 
being analysed, and the water content of the sediment during burial. 
Because of the Rangefinder approach, the grain size of the material being 
measured is not well constrained, but averages ~200µm – therefore a 
range from 180-211µm has been assumed for the purposes of 
calculation. It is assumed that the samples have been underwater for the 
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majority of their period of burial, and so the dose rates have been 
calculated assuming a water content of 25±5% (fully saturated). The total 
dose rates for these samples range from 0.37 to 1.54 Gy/ka (Table 20).  
5.3.11 Equivalent Dose determination: equivalent doses (De) of the samples 
were measured using the Single Aliquot Regenerative dose (SAR) 
method (Wintle and Murray 2006) (Fig. 61). This method has become the 
standard procedure for measuring De of quartz. For the Rangefinder 
approach, a limited number of luminescence measurements are made to 
obtain a rapid estimate of De. Such measurements do not include the 
same number of quality control processes as used in conventional 
luminescence measurements and a smaller number of De estimates are 
made compared with conventional dating, and again this increases the 
uncertainty on the resulting age, resulting in final uncertainties on the age 
estimated as ~30% (Roberts et al. 2009). 
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Figure 61: Schematic diagram of the Single Aliquot Regenerative dose 
(SAR) protocol from Duller (2008b). 
5.3.12 For each sample 10 aliquots were measured, using a preheat of 220°C 
for 10s and a cutheat of 160°C. Large aliquots were used, with many 
thousands of grains on each aliquot. The OSL decay curves from these 
samples show a rapid decrease in OSL at the beginning of measurement, 
and a low background signal beyond ~20 s of measurement. This is 
typical of what is observed for the OSL signal from quartz. Dose response 
curves are well fitted with a saturating exponential (or the sum of an 
exponential and a linear term) described by: 
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where L is the luminescence signal measured after administering a 
radiation dose D. IMax and D0 are parameters, fitted to the luminescence 
data collected for each aliquot. IMax is the maximum luminescence 
intensity that can be achieved, and is the saturation level. D0 defines the 
rate of curvature of the dose response curve, with small values describing 
samples that saturate at low doses, and vice versa.  
5.3.13 As part of the quality control procedures, one of the regenerative doses 
was measured twice for each aliquot, and the ratio of the two 
measurements calculated. This is termed the recycling ratio and ideally 
should be unity. Only aliquots within 10% of unity were accepted.  
5.3.14 The De values for the aliquots of each sample that passed the quality 
control procedures were combined using the Central Age Model (CAM) 
(Galbraith et al. 1999) to give a single estimate of the equivalent dose (De) 
to be used in the age calculation. This estimate of De is shown in Table 
20. 
5.3.15 For sample 176/TE03 (VC16) it was not possible to calculate a De. The 
luminescence signal of this sample appears to be saturated. As is normal, 
the OSL signal increases rapidly with dose for small doses, but at high 
doses (above ~ 200 Gy for this sample), the rate of increase in 
luminescence signal decreases as the electron traps within the crystal 
lattice become full. At very high doses the traps become full and so the 
luminescence signal reaches a maximum intensity; this is saturation of the 
luminescence signal. For this sample, the natural luminescence signal for 
the majority of the aliquots is at, or very near, this saturated level, and it is 
therefore not possible to calculate an accurate estimate of De. However, it 
is possible to estimate a minimum value of De. Wintle and Murray (2006) 
comment that beyond twice the value of D0 (where D0 is the characteristic 
dose for the exponential) the reliability of ages is suspect. For sample 
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176/TE03 the value of 2 x D0 is ~200 Gy, and this value is used to give an 
indication of the minimum age of the sample in Table 20. 
5.3.16 Calculated Ages: A Rangefinder age is calculated for each sample in 
Table 19 by dividing the equivalent dose by the dose rate. From previous 
experience, Rangefinder ages are typically within ± 30% of the ages 
obtained using full OSL dating procedures and an uncertainty of 30% is 
quoted on the ages in Table 20. 
5.3.17 Six of the samples analysed here are in the range from 5 to 17 ka (TE01 
(VC25), TE02 (VC23), TE05 (VC08), TE06 (VC09), TE07 (VC03) and 
TE10 (VC28)). The other four samples are MIS5 or older: TE08 (VC11_1), 
TE09 (VC15), TE04 (VC12) and TE03 (VC16) with dates ranging from 92 
ka to >420 ka. Although a finite age was obtained for TE04 (VC12) (163 
ka), the De value is close to the level of saturation, and it is therefore 
possible that this age estimate may be a significant underestimate. 
 
Sample Core Depth (mOD) 
Beta Dose 
Rate 
(Gy/ka)1 
Calculated 
gamma 
(Gy/ka)2 
Total 
Dose 
rate 
(Gy/ka)3,4 
Number 
of 
aliquots5 
Equivalent 
Dose (Gy) 
Age 
(ka)6 
176/TE01 25 -39.77 0.49 ± 0.04 0.29 0.62 10 10.2 16.5 ± 5.0 
176/TE02 23 -35.57 0.34 ± 0.03 0.20 0.44 8 5.4 12.3 ± 3.7 
176/TE03 16 -23.64 0.37 ± 0.03 0.22 0.48 10 >200 >420 
176/TE04 12 -20.89 0.83 ± 0.05 0.49 0.99 10 161 163 ± 49 
176/TE05 8 -17.16 0.49 ± 0.04 0.29 0.61 9 3.5 5.8   ± 1.7 
176/TE06 9 -14.47 0.50 ± 0.04 0.30 0.63 7 4.0 6.3   ± 1.9 
176/TE07 3 -22.56 0.39 ± 0.03 0.23 0.50 9 4.3 8.6   ± 2.6 
176/TE08 11-1 -19.60 0.28 ± 0.03 0.16 0.37 9 33.9 92    ± 28 
176/TE09 15 -20.02 0.39 ± 0.03 0.23 0.50 9 60.0 120  ± 36 
176/TE10 28 -39.51 1.31 ± 0.07 0.77 1.54 8 7.8 5.0   ± 1.5 
 
Table 20: Summary of table dose rates, equivalent doses (De) and Rangefinder 
ages 
Notes: 
1. Infinite matrix beta dose rate measured using GM25-5 beta counter 
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2. Gamma is calculated as 0.591 times the beta dose rate 
3. Cosmic dose rate estimated as 0.06±0.01 Gy/ka based on 10m of water and 
between 1 and 5m depth of sediment 
4. Total dose rate is calculated from the sum of the beta, gamma and cosmic dose 
rates. A water content of 25±5 % has been used for calculations. 
5. The number of aliquots used in the final calculation of equivalent dose. For all 
samples 10 aliquots were measured, but some of these aliquots were rejected 
based upon criteria such as recycling ratio. 
6. The uncertainty shown on the final age is 30%, and is based on the findings of 
Roberts et al. (2009). 
5.3.18 Sample Preparation Full OSL Dates: On the basis of the range dates it 
was decided to do full analysis on: TE01 (VC25); TE02 (VC23); TE05 
(VC08); TE06 (VC09); TE07 (VC03); TE08 (VC11_1); TE09 (VC15) and 
TE10 (VC28). The saturated nature of TE03 (VC16) and TE04 (VC12) 
meant full analysis was not appropriate. 
5.3.19  A subsample of sediment was removed to provide material for 
measurement of the radiation dose rate to the sample. This material was 
oven dried, and then milled to a fine powder. For determination of the 
equivalent dose (De) grains of quartz within a fixed grain size range need 
to be extracted from the sample. All of this procedure is undertaken under 
subdued red lighting conditions. Standard preparation techniques to 
obtain quartz grains (in the range 150-250µm diameter) were followed. 
These involve removal of carbonates and organic matter using HCl and 
H2O2 respectively. These procedures have to be undertaken at room 
temperature to avoid damaging the luminescence signal.  
5.3.20 After removal of carbonates and organic matter, samples were dry sieved 
at 90, 125, 150, 180, 211, 250, 300 and 355 µm. Depending upon the 
grain size distribution of the sample, grains from 150-180, 180-211 or 
211-250µm were selected for further analysis. Quartz grains in this size 
range were then isolated using two cycles of density separation using 
solutions of sodium polytungstate, one at 2.62 and one at 2.70 g.cm-3. 
Grains with density between these limits were etched in 40% hydrofluoric 
acid for 45 minutes. This treatment serves to remove any remaining 
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feldspathic contaminants, and to etch the quartz grains to remove the 
alpha irradiated layer. The final stage of treatment is to resieve the grains 
as a further purification step. 
5.3.21 Dosimetry measurements: The radiation dose to the quartz grains can 
be divided into three components: (1) the external beta dose resulting 
from the decay of K and the members of the U and Th decay series; (2) 
the external gamma dose rate resulting from the same source and (3) the 
cosmic dose rate due to highly energetic cosmic rays incident on the 
surface of the Earth. Three methods were used to calculate these three 
sources of radiation. 
5.3.22 Beta Dose Rate: A Geiger-mueller counter (Bøtter-Jensen and Mejdahl 
1988) was used to directly measure the emission of beta particles by the 
sample. Three replicate milled sub-samples were measured and 
compared against two standards of known beta activity. Measurements 
were made for a minimum of 48 hours for each sample, and in the case of 
low activity samples the counting was extended to 60 or 68 hours. The 
infinite matrix beta dose rate could then be calculated. The effective dose 
rate to the grains was then calculated by correcting for attenuation due to 
grain size and water content. 
5.3.23 Gamma Dose Rate: Milled samples were fused with lithium metaborate 
and subsequently digested. ICP-MS and ICP-OES were used to 
determine the K, U and Th concentrations in the sediment. Standard 
reference materials were included alongside the unknown samples in the 
geochemical analysis to ensure the accuracy of the analyses. The gamma 
dose rate to the mineral grains was calculated using the conversion 
factors (from concentration to gamma dose rate) provided by Adamiec 
and Aitken (1998). The effective gamma dose rate to the grains was then 
corrected for attenuation by water between the mineral grains. 
5.3.24 Cosmic Dose: The cosmic dose rate was calculated using the equation 
provided by Prescott and Hutton (1994). This equation requires the depth 
of burial of the sample. For these samples both the material in the cores 
above the sample point (typically 3-5 m of sediment) as well as the water 
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depth, will shield them from cosmic radiation. Therefore a value of 
0.06±0.01 Gy/ka was used for all samples. The beta and gamma dose 
rates are corrected for the presence of water in the interstices between 
mineral grains. All the samples described here were considered to have 
been saturated for the majority of their period of burial and this water 
content was taken as 25±5% (weight of water divided by weight of dry 
sediment). The dosimetry data for all samples is given in Table 19. The 
final dose rate to be used in the age calculation is the sum of the beta, 
gamma and cosmic dose rate. 
5.3.25 The Single Aliquot Regenerative Dose (SAR) protocol (Wintle and Murray 
2000) was applied to calculate the equivalent dose. Measurements were 
made using a Risø TL/OSL DA-15 reader. For each subsample (or 
aliquot), between 10 and 20 individual OSL measurements were made in 
order to calibrate the response of each aliquot to radiation from a 
laboratory beta source. From these data a dose response curve is 
generated for each aliquot, and the dose received during burial is 
calculated by interpolating the natural signal onto this dose response 
curve (Figure 61). The beta source used in the laboratory is calibrated 
against an internationally recognised secondary radiation standard in 
Denmark. 
5.3.26 An example of an OSL decay curve from an aliquot is shown in Figure 
62(a). The OSL signal is the measurement of the natural OSL signal. A 
series of cycles involving irradiation, heating and OSL measurement were 
then followed (as shown in Figure 61) to obtain the response of the OSL 
signal to laboratory dose. This is shown in Figure 62(b). The increase in 
the normalised OSL signal (Lx/Tx) as a function of dose is fitted with a 
single saturating exponential function (shown as a solid black line) and 
then the signal obtained from the natural is interpolated onto the dose 
response curve (shown as the red line in Figure 62(b)) to calculate the 
equivalent dose (~7.5 Gy for this aliquot). 
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(b) 
 
Figure 62: (a) An example of an OSL decay curve, and (b) an SAR dose 
response curve derived from 18 OSL measurements on that one aliquot. 
The data shown are from sample Aber176/TE01. 
5.3.27 To test the validity of the measurement procedures used in the SAR 
protocol, a dose recovery test was undertaken on sample 176/TE01. For 
this test the sample was exposed to blue LEDs in order to remove any 
existing charge. Twenty-four aliquots of the sample were then given a 
known laboratory dose (100s or 9.6 Gy) and then the SAR protocol was 
used to measure this dose. A range of different preheat temperatures 
were used, ranging from 160 to 300°C.  
5.3.28 Figure 63 shows the ratio of the measured dose, known as the recovered 
dose, divided by the laboratory dose that was given to the aliquots. Ideally 
the ratio would be one. In practice the ratio is close to unity for all 
preheats from 160 to 260°C. At higher preheats the ratio increases. This 
is due to thermal transfer of charge caused by the high preheat 
temperatures used, and has been commonly observed in other samples 
studied by ALRL. The data in Figure 69 demonstrate that the SAR 
protocol is appropriate for these samples using a range of preheat 
temperatures. All subsequent measurements were made using a preheat 
of 220°C. 
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Figure 63: The ratio of the dose measured using the SAR protocol 
(recovered dose) divided by the dose given in the laboratory (9.6 Gy) as a 
function of preheat temperature. Results for three aliquots are shown at 
each preheat temperature. 
5.3.29 A number of replicate measurements of De were made on each sample. 
Routinely, 24 sub-samples, or aliquots, were measured - each aliquot 
provides an independent measure of the De. The reliability of the data 
was assessed by testing each aliquot against a number of criteria. Data 
were only accepted if they passed all of these rejection criteria. The 
criteria applied were (1) recycling test, (2) IR OSL depletion ratio tests, 
and (3) whether the signal obtained from the test dose exceeded three 
times the standard deviation of the background. These tests are designed 
to ensure (a) that the SAR protocol applied is appropriate, (b) that the 
OSL signal is dominated by that from quartz and (c) that the OSL signal 
from the test dose is sufficiently large to be statistically significant.  
5.3.30 After application of these criteria, between twenty and twenty-four 
independent estimates of De remained. The Central Age Model (CAM) 
was applied to the data. This model provides an estimate of the scatter in 
the data beyond that which would be expected based upon the counting 
statistics of the OSL signal. This additional scatter is termed 
overdispersion. Values of overdispersion above 25% are taken to imply 
that the sample was not completely bleached at deposition, and contains 
some aliquots with grains that were not reset. For these samples (TE01, 
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TE06 and TE09) the finite mixture model was applied to obtain the best 
overall estimate of De for use in the age calculation.  
5.3.31 Discussion of luminescence ages: the quartz extracted from all the 
samples discussed here is well suited to luminescence measurements. 
The quartz has a high OSL sensitivity, meaning that the magnitude of the 
OSL signal per unit radiation dose is high compared with other quartz 
samples that have been measured at ALRL. For most aliquots the OSL 
signal is dominated by the fast OSL component – this is the part of the 
OSL signal that the SAR protocol was specifically designed for (Wintle 
and Murray 2006). On the few occasions where aliquots were rejected 
from analysis the primary reason was the lack of a fast component.  
5.3.32 A comparison of the data obtained using the full analytical procedures 
undertaken here with the data obtained for the Range Finder values 
demonstrates that similar ages are obtained. It is interesting to note that 
the radiation dose rate obtained for the samples was far more similar 
between samples when the full dosimetry measurements were 
undertaken (Table 21) rather than the rough estimates made for the range 
finder ages. For all of the samples reported here, the dose rate is 
between 0.41 and 0.55 Gy/ka. For the full measurements reported here, 
24 aliquots of fully prepared quartz were measured making it possible to 
examine the reproducibility of the De values obtained. This reveals that 
some of the samples (TE01, TE06 and TE09) had scatter between 
aliquots that suggests that they were not completely bleached at 
deposition. However, this only has a minor impact upon the age 
calculated, and thus the ages obtained using the range finder method and 
the full preparation are similar.  
5.3.33 Sample TE10 (VC28) is not reported here. Analysis of the data collected 
in this phase of the project revealed two discrepancies, one in the dose 
rate data and one in the equivalent dose data. The magnitude of these 
discrepancies and the lack of coherent variance all suggest that the 
sample has been significantly disturbed during coring and/or sampling. 
Consequently, the reliability of the Range Finder date presented in Table 
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20 for this sample is brought in to question and should not be reported 
further. This core will be re-sampled and an additional date will be 
acquired for reporting in post-submission publications. 
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Aberystwyth Lab. 
Number 
176/TE01 176/TE02 176/TE05 176/TE06 
Depth (mOD) -39.77 ± 0.10 -35.57 ± 0.10 -17.16 ± 0.10 -14.47 ± 0.10 
Material used for 
dating 
Quartz 
Grain size (µm) 212-250 180-212 150-212 
Preparation 
method 
Heavy liquid separation (sodium polytungstate); 40% HF etch 
45 mins 
Measurement 
protocol 
SAR; OSL 470nm; detection filter 7.5mm Hoya U-340 
Equivalent Dose 
De (Gy) 
7.8 ± 0.3 5.3 ± 0.1 2.9 ± 0.1 3.1 ± 0.1 
Number of 
aliquots, n 
24 (FMIX) 20 (CAM) 23(CAM) 23(FMIX) 
Water content  
(% dry mass) 
25 ± 5 25 ± 5 25 ± 5 25 ± 5 
K (%) 0.16 ± 0.01 0.25 ± 0.01 0.20 ± 0.01 0.33 ± 0.02 
U (ppm) 1.50 ± 0.08 0.70 ± 0.03 1.00 ± 0.05 0.80 ± 0.04 
Th (ppm) 1.20 ± 0.06 1.10 ± 0.06 1.10 ± 0.06 1.70 ± 0.09 
Infinite matrix β 
dose (Gy/ka) 
0.35 ± 0.01 0.33 ± 0.01 0.27 ± 0.01 0.33 ± 0.01 
Layer removed by 
etching (µm) 
10 ± 2 10 ± 2 10 ± 2 10 ± 2 
External β dose 
‘wet’ (Gy/ka) 
0.23 ± 0.01 0.22 ± 0.01 0.18 ± 0.01 0.22 ± 0.01 
External γ dose 
‘wet’ (Gy/ka) 
0.21 ± 0.01 0.15 ± 0.01 0.17 ± 0.01 0.20 ± 0.01 
Cosmic (Gy/ka) 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 
Total dose rate 
(Gy/ka) 
0.50 ± 0.02 0.42 ± 0.02 0.41 ± 0.02 0.48 ± 0.02 
OSL Age# (ka) 15.6 ± 0.9 12.5 ± 0.6 7.0 ± 0.4 6.5 ± 0.3 
Table 21: OSL Age Determinations: # Ages are expressed as years (ka) before 
2010 AD. Cosmic dose rate incorporates water depth as well 
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Aberystwyth 
Lab. Number 
176/TE07 176/TE08 176/TE09 176/TE10 
Depth (m) -22.56 ± 0.10 -19.60 ± 0.10 -20.02 ± 0.10 -39.51 ± 0.10 
Material used for 
dating 
Quartz 
Grain size (µm) 180-212 212-250 180-250 
Preparation 
method 
Heavy liquid separation (sodium polytungstate); 40% HF etch 
45 mins 
Measurement 
protocol 
SAR; OSL 470nm; detection filter 7.5mm Hoya U-340 
Equivalent 
Dose De (Gy) 
3.7 ± 0.1 36.9 ± 1.8 59.4 ± 2.2  
Number of 
aliquots, n 
23(CAM) 24(CAM) 23(FMIX)  
Water content 
(% dry mass) 
25 ± 5 25 ± 5 25 ± 5  
K (%) 0.26 ± 0.01 0.18 ± 0.01 0.23 ± 0.01  
U (ppm) 0.90 ± 0.04 0.50 ± 0.03 0.90 ± 0.05  
Th (ppm) 4.20 ± 0.21 3.20 ± 0.16 3.50 ± 0.17  
Infinite matrix β 
dose (Gy/ka) 
0.31 ± 0.01 0.37 ± 0.02 0.30 ± 0.01  
Layer removed 
by etching (µm) 
10 ± 2 10 ± 2 10 ± 2  
External β dose 
‘wet’ (Gy/ka) 
0.21 ± 0.01 0.25 ± 0.02 0.20 ± 0.01  
External γ dose 
‘wet’ (Gy/ka) 
0.28 ± 0.02 0.20 ± 0.01 0.25 ± 0.01  
Cosmic (Gy/ka) 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.01  
Total dose rate 
(Gy/ka) 
0.55 ± 0.02 0.50 ± 0.02 0.51 ± 0.02  
OSL Age# (ka) 6.7 ± 0.3  73.4 ± 4.7 116 ± 6.5  
Table 21 contd OSL Age Determinations: # Ages are expressed as years (ka) 
before 2010 AD 
* Depth in core. Cosmic dose rate incorporates water depth as well 
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5.4. Radiocarbon Dates – Fraser Sturt  
5.4.1 The decision to carry out radiocarbon dating of materials to help constrain 
the emerging chronology was taken in the final weeks of the project.  As 
noted in the sections above, the original hypothesis had been that older 
material would be encountered and that radiocarbon dating would not be 
required.  Consequently, where the other dating methods adopted reflect 
integrated collaborative research, choice of radiocarbon dating laboratory 
had to be based on speed of delivery.  Thus, the overall aim for the 
radiocarbon dating of samples was not to provide precise anchor points, 
but a means of verifying Holocene/Pleistocene age ranges.   All samples 
were sent to Beta Analytic Inc. for processing. 
5.4.2 Seven bulk samples of peat, one wood fragment and nine shell samples 
were selected for radiocarbon dating (by F. Sturt). For the peats, the 
original intention had been to date the humic/humin components to 
provide range finders.  It was noted that Bayliss et al (2008, xi/xii) had 
highlighted the problems with dating organic sediments from within 
floodplain situations.  As such, where possible, samples were taken from 
the tops and bottoms of units to allow comparison between dates.  
However, processing of the bulk samples by Beta Analytic revealed 
enough plant macrofossil (small woody and leaf fragments) to allow 
preferential selection of this material.  Through discussion with Beta the 
decision was made to date this fraction. In all cases reports from Beta 
indicated that surviving plant macrofossils were too fragmentary to be 
identified.  In addition, initial attempts to identify the larger wood fragment 
had proved unsuccessful, and as such outer layers of bark and wood 
were removed from a portion to be sent for dating.   
5.4.3 In both cases, reserve samples have been retained.  As such, as part of 
the planned environmental assessment, we will run a new series of dates 
based on identified short lived macrofossils if found, and have the taxon 
of the wood verified if possible.  Calibration of dates on the peat and wood 
samples was carried out by Beta Analytic using the IntCal04 database.    
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5.4.4 The dating of marine shells by radiocarbon measurements is far from 
straightforward, due to marine reservoir effects.  As such, the results from 
the shell samples taken for AAR analysis need to be treated with caution, 
this is why they are given their own column in Figures 13 to 43.  In 
attempting to calibrate results for the shell samples, Beta Analytic made 
use of the Marine04 database.  However, this does not fully account for 
the temporally and spatially variable nature of 14C offset between 
atmospheric and oceanic carbon reservoirs.   
5.4.5 Given the above factors, both the organic and shell material dated are 
best considered as ‘range finders’.  Additional advice will now be sought 
to see if the marine reservoir issues associated with the shell material can 
be better resolved, but until then the 14C rather than calibrated dates 
provided by Beta Analytic will be quoted.   
5.4.6 Table 22 provides the sample details and calibrated age ranges for 
organic samples. 
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VC Beta 
Sample 
ID 
Depth 
mOD 
Material Context 
Description 
Conventional 
Radiocarbon 
Age BP 
13/12C 
ratio 
o/oo 
Calibrated 
Date (95% 
certainty)   
Cal BP 
13 291868 -20.06 
Unidentified 
woody 
material 
transgressive 
detrital peat 
7700 +/- 50 -27.2 8590 to 8400 
17 291869 -25.06 
Unidentified 
woody 
material 
regressive 
detrital peat 
contact 
>43500 -27.5 N/A 
17 291870 -25.14 
Unidentified            
Base of peat 
Wood fragment >43500 -26.7 N/A 
22 291871 -34.94 
Unidentified 
woody 
material 
regressive 
detrital peat 
contact 
9080 +/- 50 -27.7 
10280 to 
10190 
22 291872 -35.09 
Unidentified 
woody 
material 
transgressive 
detrital peat 
9060 +/- 50 -27.5 
10260 to 
10180 
23 291873 -34.75 
Unidentified 
woody 
material 
transgressive 
detrital peat 
contact 
9110 +/- 50 -28.0 
10390 to 
10320 AND 
10310 to 
10200 
23 291874 -34.82 
Unidentified 
woody 
material 
regressive 
detrital material 
9150 +/- 50 -26.9 
10480 to 
10460 AND 
10430 to 
10220 
24 291875 -34.73 
Unidentified 
woody 
material 
transgressive 
detrital peat 
9030 +/- 50 -26.8 
10250 to 
10160 
Table 22:  Details of organic samples submitted for radiocarbon dating. 
5.5. Electron Spin Resonance – Anne Skinner  
5.5.1 Introduction: as described in Section 5.1.9. the original intention was to 
attempt to use ESR on quartz grains to attempt to obtain dates beyond 
the normal range of OSL and potentially back to 1 Ma. On first splitting the 
cores five samples were obtained for ESR spread across five cores.   
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5.5.2 There are three ESR signals in quartz, all due to impurities.  One is due to 
aluminium, one is due to interactions between titanium and lithium and 
the last is attributed to Ti-H interactions. The usual signal used for dating 
is the Ti-Li one as it is large and distinct.  The Ti-H signal has two 
components, both small and both on shoulders of other signals.  The 
signals all bleach at different rates, with aluminium the hardest signals to 
zero.  For well bleached samples, all three of the signals would give the 
same age, indicating that the sample had been extensively exposed to 
light.  In the absence of this internal consistency, there's the risk that the 
results overstate the age due to some residual signal. This is the opposite 
problem of OSL, where the signal bleaches so fast that the age may be 
understated. 
5.5.3 The initial results that came from this approach produced results with 
excessively high error margins (Table 23): 
Sample Core Depth 
(mOD) 
ESR Age 
(ka) 
OSL Age 
(ka) 
176/TE01 VC25 -39.77 264±124 15.6 ± 0.9 
176/TE02 VC23 -35.57 283.6±36.5 12.5 ± 0.6 
176/TE03 VC16 -23.64 Sat Signal >420 
176/TE04 VC12 -20.89 272±136 163 ± 49 
176/TE08 VC11-1 -19.60 1000 73.4 ± 4.7 
176/TE09 VC15 -20.02 372±195 116 ± 6.5 
Table 23: ESR preliminary dates versus OSL Full and Range Dates 
5.5.4 As can be seen from Table 23 the errors are significant and the results 
are vastly over estimating where we have reliable OSL dates such as for 
TE01 (VC25), TE02 (VC23), TE08 (VC11_1) and TE09 (VC15). Recent 
conference presentations have suggested that this technique is really 
unusable at ages < c. 400 ka and in environments without the significant 
bleaching potential (Rink pers comm.).  
5.5.5 These problems were reflected in our decision to move from 
concentrating on ESR to OSL to obtain reliable dates on the coarser 
fraction material. However, we are keen to persist with the ESR work as 
we believe increasing the sample size for  VC16, VC19 and VC21_1, 
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should enable us to increase the Ti-H and Ti-Li signals to the level at 
which a date could be more confidently extracted. This will incur no extra 
expenditure and if successful results will be included into publications that 
come from this work and that will fully accredit the MEPF.    
5.5.6 In numerical terms, it takes at least 300 hours of sunlight, and perhaps a 
good deal more, to bleach the aluminium signal.  The Ti-Li signal will 
bleach in about 60 hours and the Ti-H in about 20 hours.  Parenthetically, 
when bleached even the Ti-H signal could not be reduced to zero, even 
with approximately 25 hours of exposure over a two week period.  
5.6. Magnetostratigraphy – Nicola Pressling & Justin Dix 
5.6.1  Introduction: as described in 5.1.11. the original project proposal aimed 
to use conventional magnetostratigraphic techniques to establish on 
which side of the last polarity reversal (at 780 ka: Brunhes-Matuyama 
transition) were the sediments in the area deposited. Following the 
preliminary analyses it became apparent that the majority, if not all of the 
sediments sampled were younger than this date. However, it was decided 
that measuring the palaeo-secular variation (PSV) of the younger 
sediments and attempting to match them with the established measured 
and modelled curves could provide both additional chronological data and 
useful data for cross-correlation of stratigraphic units between cores.  
5.6.2 Method: U-tube samples (1 cm in cross-section) were taken from the fine 
fraction of the cores (this represented c. 27 m of material from thirteen 
cores). Table 24 provides the details of which cores were sampled, and 
from what depths down core.  Figure 64, shows that the selected cores 
provide coverage of material from across the survey area, and all of the 
major identified topographic features.  
5.6.3 The U-tubes were labelled with orientation and relative depths.  Care was 
taken to prevent the samples from drying both within the cut cores, and 
subsequently in the sample boxes by sealing the samples and keeping 
them in a cool environment.  All samples were treated and stored in the 
same manner to ensure consistency in measurements.    
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VC Number Depths (mOD) Min (SI) Max (SI) 
4 -19.17 – -19.90 
-20.00 – -20.98 
-20.99 – -21.90 
-21.97 – -22.52 
156.2 
96.33 
80.28 
89.35 
320.49 
208.57 
169.76 
175.56 
5 -17.77 – -18.50 
-18.62 – -18.95 
142.07 
180.73 
400.1 
319.79 
7 -16.65 – -17.02 
-17.08 – -18.02 
-18.08 – -18.53 
-18.70 – -19.00 
-19.08 – -19.72 
92.84 
32.77 
34.28 
219.25 
305.14 
179.7 
259.82 
167.05 
5533.10 
2937.6 
9 -14.43 – -15.24 
-15.31 – -16.23 
261.83 
242.43 
323.76 
1587.2 
10 -16.28 – -16.93 
-17.18 – -18.06 
-18.20 – -19.11 
-20.23 – -21.15 
-21.23 – -22.15 
177.9 
91.97 
113.45 
173.88 
139.94 
303.12 
273.97 
267.35 
278.74 
314.18 
12 -17.63 – -17.75 
-17.92 – -18.58 
-21.30 – -21.83 
251.58 
72.52 
263.11 
412.52 
201.20 
5111.04 
13 -19.35 – -20.26 
-20.32 – -21.25 
-21.33 – -21.78 
-22.35 – -22.62 
68.12 
68.45 
227.13 
111.34 
6340.19 
861.22 
1128.12 
1589.50 
17 -23.43 – -23.96 156.72 3787.75 
23 -33.57 – -34.04 
-34.11 – -34.78 
105.91 
138.17 
216.6 
3323.02 
24 -34.15 – -34.22 
-34.31 – -34.66 
-34.82 – -35.24 
135.84 
60.22 
292.45 
201.10 
4721.85 
1610.26 
Table 24:  Details of cores sampled for magnetic susceptibility 
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VC Number Depths (mOD) Min (SI) Max (SI) 
26 -29.17 – -29.89 
-29.95 – -30.41 
163.74 
461.28 
420.10 
1017.42 
27 -29.54 – -29.94 
-30.04 – -30.97 
-30.97 – -31.99 
-32.08 – -33.00 
107.28 
75.65 
-3.89 
55.47 
153.62 
252.20 
62.59 
90.33 
29 -43.51 – -43.81 347.38 849.33 
Table 24 contd.:  Details of cores sampled for magnetic susceptibility 
 
5.6.4 The first step in PSV analysis is the measurement of the magnetic 
susceptibility of the cores to establish the absolute magnetic content of 
the core and to establish if levels are sufficiently high to warrant full 
analysis. Further, low frequency volume based magnetic susceptibility 
(XLF) also provides a means for identifying palaeo-land surfaces/soil 
sequences, anthropogenic inputs, climatic events and correlating 
minerogenic deposits between cores (Goldberg and Macphail, 2006; Rao 
et al., 2010; Vis et al., 2010).   
5.6.5 Magnetic susceptibility readings were taken with a Bartington MS2 metre 
with a loop sensor.  Samples were placed on a conveyor tray, with 
readings taken every centimetre. Each sample was passed in front of the 
sensor four times, and an average value calculated.  These relative down 
core results were then added to the core logs in Rockworks 15, where 
calculations for absolute depths were carried out.  In turn, the core logs 
were formatted through LogPlot 7, the results of which are shown in 
Figures 13 – 43.    
5.6.6 Results: Magnetic susceptibility results helped highlight the location of 
organic horizons within cores VC7 (above the Eocene Silt), VC12, VC13, 
VC23 and VC24.  In addition, spikes in VC7 and VC9 indicate possible 
organic material/detrital peat fragments within the Pleistocene silt tidal 
couplets, potentially indicating the extension of palaeolandsurfaces/peat 
deposits identified in VC17 and VC12.        
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5.6.7 Rao et al. (2010) and Vis et al.’s (2010) work indicate the further potential 
that this data holds for identifying Palaeoclimatic events within the 
Pleistocene and early Holocene material. Given the specific aims for this 
project, magnetic susceptibility data was acquired with a view to informing 
us as to the potential for palaeomagnetic dating.  However, it has made 
clear that within the recorded sequences there is much potential for 
further work. In part, this may help to break apart the ‘lumped’ Pleistocene 
stratigraphy, whilst also providing potentially important information on the 
changing nature of the environment.   
5.6.8 PSV Method: The tubes were labelled with and the orientation marked so 
consistent orientation of the samples could be maintained and the 
individual cores successfully stitched together.  Care was taken to prevent 
the samples from drying both within the cut cores and subsequently in the 
sample boxes by sealing the samples and keeping them in a cool 
environment. This is important because sample drying can cause grain re-
orientations particularly in coarser-grained deposits.   
5.6.9 Stepwise demagnetisation measurements were made on these samples 
using a Liquid Nitrogen SQUID magnetometer, available at NOCS, with 
in-line alternating field demagnetization capabilities. Stepwise 
demagnetization was carried out at intervals of 10, 15, 20, 25, 30, 35, 40, 
45, 50 and 60 mT, with the declination, inclination and intensity of the 
natural remanent magnetization being measured. 
5.6.10 During this work there has been significant hold ups due to laboratory 
issues beyond the Project Investigators control. All of the U-tube sections 
have now been measured and we are ready to undertake analysis. The 
declinations and inclinations measured at each demagnetisation step will 
be plotted and principal component analyses carried out (i.e. to create 
Zijderveld plots) in order to determine the direction of the stable 
magnetization vector for each sample. The maximum angular deviation 
(MAD) of these plots will be calculated, as a representation of the 
goodness of fit, and samples with a MAD value > 7 were eliminated. 
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5.6.11 The processed data will be compared against measured and modelled 
master curves as described in 5.1.18-5.1.26. This work will be included in 
the post-project publications.   
5.7. Summary 
5.7.1  Since the splitting of the cores at the beginning of June we have 
undertaken a full suite of chronological analyses of the 30 Vibrocores. 
Although the initial strategy had to be modified to accommodate the 
presence of a wider range of sediment ages, we have been able to 
establish a calibrated stratigraphy for the area. In summary the research 
team have undertaken:  
5.7.2  Amino Acid Racemization analyses of 268 samples, of macro-fauna 
(Mollusca), from 16 cores from across the field area. This has provided a 
relative chronology for intra-site correlation as well as facilitating 
comparison with the well established East Anglian record. The majority of 
the results were from MIS1, however clusters of samples from three cores 
have yielded significantly older material: the lower part of VC 7 (possibly 
Middle Pleistocene); VC15 (probably Late Middle Pleistocene); and the 
lower part of VC 16 (possibly early Pleistocene).   
5.7.3  Optically Simulated Luminescence range and full dates have been 
obtained from 10 cores. Six dates are from the Late Glacial to the middle 
to Late Holocene; whilst three dates represent deposits between MIS6-5; 
and a single almost saturated data suggests an age > MIS12.  
5.7.4 Electron Spin Resonance dating, although not as appropriate as originally 
anticipated samples from 6 cores have been measured and re-sampling 
of an additional three will be undertaken over the next six months and will 
be included in post report publications.  
5.7.5  Radiocarbon dating of seventeen samples, from twelve cores, has been 
undertaken on both shell material (primarily for calibration of the AAR 
relative chronology) and organic material (to further enhance the gross 
chronological framework). Three of these dates suggest values >40,000 
BP, where background levels of 14C are being reached making accurate 
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dating difficult.  However, their deeper time nature may further support 
multi-period deposits associated with the sedimentary sequences of the 
Outer Thames Estuary.   
5.7.6  Finally magnetic susceptibility and palaeosecular variation 
measurements have been taken from 26 m of sediment across 13 cores. 
To date this has been used to enhance cross-core correlation and may 
provide additional inter-date chronology on these finer grained deposits. 
  
 105 
6. Discussion – Justin Dix and Fraser Sturt 
6.1. Introduction 
6.1.1 The results obtained over the last twelve months and described in the 
previous three sections have enabled us to discuss a preliminary three 
phase model for the landscape evolution of the Outer Thames Estuary.  
The work continues to support the hypothesis of; an early Middle 
Pleistocene initial fluvial incision phase, alteration during the Anglian 
glaciation, re-activation/infilling of the river system during the Middle to Late 
Middle Pleistocene and, finally, a record of late Pleistocene-Holocene 
lowstand to highstand deposits. 
6.1.2 These interpretations are based on multiple strands of evidence. 
Tantalisingly the cores collected as a part of this project point to great 
potential for further analysis.  As noted in Section 1.3, the aims for this 
project were to collect the cores and limited new geophysical data, log the 
cores at resolution to enable correlation with geophysical data sets and 
carry out dating of key sedimentary units.  It is now clear that the well 
preserved sequences recovered warrant considerable closer attention in 
order to support or refute the assertions made here.  This potential for 
future work is discussed in more detail in section 7.    
6.1.3  The following paragraphs provide an overview of the evidence for each of 
the three key phases identified. 
6.2. Phase 1 
6.2.1 No direct chronological evidence from the main east-west channel of 
deposits of early Middle Pleistocene age were identified during this study. 
However, there is both continued morphological evidence from the swath 
bathymetry around the enclosed deeps, and chronological data from the 
northern most east-west river system.  Both of these data sources continue 
to suggest the existence of such an early phase of fluvial incision. 
6.2.2 Figure 95 clearly shows the erosive nature of the headwall sections of the 
two major enclosed deeps, receding back into the main east-west channel 
system.  These have slope angles of c. 3o which is comparable to the lower  
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end values recorded in a morphometric analysis of Quaternary tunnel 
valleys in the eastern North Sea (Kristensen et al., 2007). These features 
have comparable width and lengths to their North Sea equivalents but have 
depths that are typically 3-7 times shallower. Again this is to be expected 
as they represent a single phase of incision by comparison to those further 
offshore which are within the glacial limits of the last three Quaternary 
glaciations. This relationship to ice margins also probably accounts for the 
inferred absence of any fill deposits within these deeps from the seismic 
data. Direct incision into Eocene bedrock can be now clearly demonstrated 
by the absence of any unconsolidated deposits at all within vibrocores 
VC18 and VC20 (Figures 30 and 82 and Figure 32 and 84 respectively). 
6.2.3 Even more convincing evidence of an early phased incision is now 
provided by the enhanced interpretation of the inner section of the most 
northerly east-west river system, which has been facilitated by the provision 
of the RMA boomer data from Shipwash Area 287. The enhanced data 
coverage enabled the re-interpretation of this area from being a simple 
north-south tributary of the main channel, as defined by the single line cut 
from the Outer Thames REC survey, to a five phase incision, east-west 
oriented, channel system. As can be seen from Figure 96, this channel 
system is buried by the Shipwash sandbank in the west and is probably, 
the spatial correlative of the, seabed expressed, most northerly east-west 
channel system, defined by the Outer Thames REC, in the east. 
6.2.4 Significantly, this four kilometre fragment of channel system is truncated in 
both the east and west by two small enclosed deeps, which have similar 
morphometric form to the larger deeps to the south but half the dimensions 
again. 
6.2.5 The earliest landscape component in this area has been sampled by VC16 
(Figure 28 and 80). From this core we have recorded the oldest dates from 
the entire area, with a saturated OSL date suggesting an age > 420 ka 
(Table 20) at -23.69 mOD and an AAR date that could be indicative of Early 
Pleistocene age at -22.31 mOD. The latter date is from a species that has 
not been analysed before, Trophon, but exhibits a very high level of  
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protein breakdown, which if it is a closed system, is comparable to that 
observed in Early Pleistocene dates from other species (Section 5.2.42). 
This sample paradoxically gave a uncalibrated radiocarbon date of 36,880 
± 290 BP.    
6.2.6 The last phase of incision in this five phase sequence, which from the 
seismics alone was considered indicative of late Pleistocene/Holocene 
incision, returned two radiocarbon date from VC17 (Figures 29 and 81) of > 
43500 BP at -25.06 mOD and -25.14 mOD suggesting this whole late stage 
sequence is older than MIS3. 
6.2.7 As this area was relatively sparsely sampled, and as the principal focus of 
this study was on the major channel systems, cores VC16, 17, 19 and 21_1 
require further study. This will take the form of further chronological work 
with additional OSL and ESR to be taken in the short term, along with 
palaeo-environmental assessment of both the lithic fraction and the 
organics from VC17 to see if the chronology here can be further 
constrained. We shall also attempt to extend the mapping of the system 
westwards into licence area Cutline A and eastward into licence area 
118/1, Shipwash Gabbard 452/4 and North Inner Gabbard 498.                 
6.3. Phase 2 
6.3.1 In addition, to the potentially older late Middle Pleistocene date in the last 
incision phase of the buried channel system of the most northerly, east-
west running channel system, there are three other localities where Middle 
to Late Pleistocene dates have been recovered (Figure 45 and 46).  
6.3.2 Firstly, the re-constructed section of the main east-west channel system 
inside the Shipwash bank has been sampled by three vibrocore transects:; 
VC01-04 (Figures 65 to 68); VC05-07 (Figures 69 to 71) and VC12-14 
(Figures 76 to 78). The majority of these record complex, multi-phase, Late 
Glacial to mid-Holocene transgressive fill sequences (Phase 3: Section 
6.4). However, VC07 and VC12 sampled the relic landscape of the 
contemporaneous interfluves of this later stratigraphic sequence (see 
Figures 19 and 71; and Figures 24 and 76 respectively). These two cores 
return the following dates: VC07 an AAR date from a Pecten, at -18.59 
 110 
mOD, that has high racemization ratios, consistent with a Middle 
Pleistocene age (although as with the Trophon there are is no comparable 
material for direct comparison). A radiocarbon date from this sample 
returned a > 43000 BP reading, at least confirming a pre-MIS3 age. VC12 
has returned an OSL date of 163± 49 ka (MIS 6) at -20.84 mOD.  
6.3.3 These fragments of interfluves are to both the north (VC12) and south 
(VC07) of the main east-west channel system. As yet we need to undertake 
a palaeo-environmental assessment of macro and micro fauna as well as 
pollen to better establish the environment which they represent (i.e. are 
they part of a secondary phase of channel re-activation?), but the presence 
of Pecten could be indicative of estuarine to coastal regimes associated 
with a previous transgressive phase, whilst the retention of an OSL signal 
would suggest exposure of coastal/estuarine deposits prior to burial. It is 
important to remember that the seismic stratigraphy still suggest a 
terrestrial component to this landscape which is reaffirmed by the presence 
of an undated organic/humic silt horizon below the OSL date in VC12 at -
21.69 mOD. 
6.3.4 Secondly, VC11_1, returns a basal OSL date of 73.4 ± 4.7 ka (MIS 5a) at -
19.65 mOD from the lower part of a large sand and gravel body. This 
feature appears to have have subsequently been incised by a later stage 
northern tributary of the main east-west channel (Figures 23 and 76). What 
is interesting is that only 0.5 m above this a Littorina shell, returns an AAR 
date of MIS1 (subsequently radiocarbon dated to 14C 7690 +/- 50BP). 
Between these two samples there is a downward coarsening between 
SAND and sandy GRAVEL but no immediately obvious hiatus. This will be 
the focus of further study to establish if a hiatus is present or if we have 
potential downward migration of shell material into older deposits. This will 
be enhanced by more detailed seismo-stratigraphic study of boomer data 
from Cutline B licence area which encompasses this tributary. 
6.3.5 Finally, as originally hypothesised, the single core (VC15) taken from a 
northern tributary of the post- Anglian, southerly diverted palaeo-Thames 
produces a series of AAR dates, from both Littorina and Gibbula samples, 
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that give comparable decay values to Late Middle Pleistocene dates from 
other species (between -17.83 and -19.97 mOD). This basic time frame is 
further supported by an OSL date of 116±6.5 ka (MIS 5d) recorded at a 
depth of -20.02 mOD. As can be seen from Figures 33 and 85, these dates 
come from a classic, channel, sandy GRAVEL deposit, although the faunal 
component suggests an estuarine component potentially associated with 
the regression from the MIS5e interglacial highstand. 
6.3.6 The information from this single core will be used in future to support a 
similar exercise on data from the patchwork of aggregate licence areas and 
windfarm projects that cover this southern river system.                   
6.4. Phase 3 
6.4.1 Finally, we have identified an extensive set of Late Glacial to Holocene 
deposits in the sedimentary fill of both the main east-west river system and 
its tributaries (Figures 47-50). Dates from this period have been identified in 
eighteen of the thirty cores. At a number of localities this chiefly represents 
dates from very near surface deposits (< 1m) which are clearly related to 
deposition during the Holocene marine transgression.  
6.4.2 However, at two localities we see contrasting styles of sedimentation in 
response to the increasing accommodation space provided by the 
transgression since the last Glacial Maximum. The major transect across 
the central part of the main east-west channel is represented by cores 
VC22, 23 and 24 (Figure 97). As can be seen by Figures 86, 87 and 88 we 
have a consistent seismic and geological stratigraphy that is represented 
by basal (fluvial?) sands and gravels which have been dated by OSL to 
12.5 ± 0.6 ka (at -35.52 mOD). It is worth noting that a single core VC25 
2.5 km down channel gives a date in a comparable seismo-stratigraphic 
unit of 15.6 ± 0.9 ka (at -39.82 mOD).  
6.4.3 These sands are first overlain by a thin remnant marine deposit and then a 
prominent peat horizon that can be traced between VC22 and VC24 
(Figure 9) and which returns five very consistent radiocarbon dates 
between 10450 and 10160 calBP at OD depths of c. -35 mOD. These 
peats have contacts with between 1.5 and 3 m of overlying Holocene  
Relic Palaeo-Landscapesof the Thames EstuaryFigure  97
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freshwater humic and marine silts (some exhibiting tidal rhythmites) and 
finally a near surface deposit of of sands and gravels representing the final 
phase of the marine transgression. This basic sequence is replicated at a 
second transect nearer the Shipwash Bank VC26 and V27 (Figures 39 and 
90; and Figures 40 and 91 respectively). 
6.4.4 Inside the Shipwash Bank, the vibrocores sections previously described in 
Section 6.3.2. represents a much more complex sequence as can be seen 
from the seismic section in Figures 71 to 74. Here an east to west transition 
from gravelly SAND, to sandy GRAVEL, to SAND and finally SILTS has 
been deposited in a period of c. 1000 years between 7850-7670 calBP and 
6.7 ± 0.3 ka. The complexity of this fill could not be explored fully in the 
time available for this grant but through full reconstruction of the Cutline B 
licence area boomer data it is hoped to record the spatial heterogeneous 
sedimentary response to the transgression and the controls on the marked 
difference between the stratigraphic sequences inside and outside of the 
major bank system. Further, although not part of the original plan of this 
study, the data will enable us to investigate the evolution of these Outer 
Banks as a major component of the final phase of the Holocene 
transgression. 
6.4.5 Finally, we do have to consider one major anomaly in the area; that of the 
evolution of the small gravel bodies in the very outer part of the survey area 
(Figures 47 and 98). The location of VC28 was purposefully chosen to 
sample the small (0.1 square kilometre) gravel body that abuts against the 
northern margin of the outer part of the main east-west channel c. three 
kilometres NW of the main break in slope with the “Eastern Zone”. This 
deposit was confidently interpreted as a fluvial gravel terrace fragment 
from; its overall bathymetric form and internal seismic characteristics and 
hypothesis that was subsequently supported by the core lithologies 
(dominantly sandy GRAVEL’s). However, this deposit returned AAR dates 
of Late Glacial to Holocene from estuarine/marine shell material throughout 
the core (the basal one of which had a 14C  date of 8390 +/- 50BP). A 
range finder OSL date was recorded at the base, but this is the sample that 
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was subsequently considered contaminated and should not be used 
(Section 5.3.34).  
6.4.6 Following consultation with our expert advisory panel and other Quaternary 
scientists it is very difficult to account for the deposition of this body, at this 
locality and in this form over the time period suggested. This therefore 
raises the question of whether post-depositional down core migration of 
shell material is responsible for these dating discrepancies. In terms of this 
deposit, we intend to undertake clast analysis and more detailed 
sedimentological and faunal analysis to see if we can demonstrate the true 
mode of deposition of this material. If it is demonstrated that the shell 
material has migrated downcore in a post-depositional phase this obviously 
has substantial implications for the interpretation of other AAR material. 
However, with the multiple chronological controls we have on the majority 
of cores, and the emphasis to be placed on the lithological context, we do 
not at this time consider it to be a significant issue for the majority of the 
dates.          
6.5. Conclusion 
6.5.1 In conclusion, in addition to finding evidence to continue to support our 
original hypothesis of an early Middle Pleistocene date for the initial 
inception of this river system; we have found extensive additional evidence 
for middle to late Middle Pleistocene re-activation/infilling and an extensive 
record of the Late Glacial to Holocene transgression. 
6.5.2 Although, a significant amount has been achieved over the twelve month 
period of this project, there is still much more to do in order to either 
confirm or refute this expanded set of hypotheses. The well preserved 
young sedimentary sequence in a key part of the Southern North Sea, also 
opens up the possibility of being able to look at a range of key late 
Quaternary issues, such as: the spatial heterogeneity of Holocene sea level 
change in the Thames Estuary (and in particular if one or more of the 
deeper peat deposits could represent Sea Level Index Points); the 
presence of absence of any 8.2 ka related event as has recently been 
described in the Rhine Delta Deposits (Hijma & Cohen, 2010); and even 
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the presence of deposits related to a Storegga Slide tsunami event 
(Weninger et al, 2008).   However, any attempt to address these issues will 
require additional basic analysis on the collected material.  The nature of 
this additional work is discussed in Section 7.   
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7. Future Research – Justin Dix and Fraser Sturt  
The work undertaken for this project has helped to answer a number of 
questions to do with extent and date of observable palaeolandscape 
features in the Outer Thames Estuary/Southern North Sea.  However, the 
variety of deposits encountered has raised a number of new (and more 
traditional) questions which remain to be answered.  Over the coming year 
the authors will be carrying out additional research and submitting grant 
applications to address the following: 
a. Close collaborative work with a radiocarbon dating expert to resolve marine 
reservoir effects on dated shell material. In addition a detailed dating 
strategy will be devised for investigation of the Holocene organic deposits.   
b. Palaeo-environmental assessment (palynology, macro- and microfossil 
[foraminifera, diatoms]) of peat horizons and minerogenicdeposits will be 
undertaken. This will facilitate the identification or not of Sea Level Index 
Points for inclusion into the UK sea level database. This work will also 
extend the impact of the work carried out here by allowing for a more 
archaeologically attuned account of changing landscape.  In turn this will 
feed into our current understandings of Hominin paleoecology and what 
changes in environments may have meant to past populations. An AHRC 
funded PhD studentship has already been funded to pursue aspects of this 
work.   
c. Additional higher resolution logging of cores, with detailed 
macrofauna/floral assessment, in conjunction with appropriate specialists 
will be undertaken. This work will include limited x-ray and geochemical 
analysis of heterolithic deposits to improve characterisation and 
understanding of transgressive episodes.   
d. Creation of a four dimensional (X, Y, Z, and time) deposit model integrating 
core and seisimic data, not only from this project, but from additional 
industry sources as well.  This will help to better define the nature of the 
identified features.  It is also hoped that it will begin to better resolve 
questions to do with sample bias and the extent of deposits related to the 
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three phases discussed in section 6 above.     
e. Additional ESR and OSL analysis to refine the model presented here. This 
will include additional ESR on VC16, VC17, VC19 and VC21_1 where we 
now know suitable material may well be preserved.  OSL analysis will also 
be carried out on VC17, VC19 and VC21_1 to provide reliable results for 
dates < c. 200 kaBP.  These two methods will be augmented by additional 
radiocarbon dating of organic deposits and PSV analysis of magnetic data.  
Through continuation of our integrated approach to chronology we hope to 
be able to pick apart the through time nature of this story, rather than 
having to rely on a series of synchronic snapshots. 
f. Lithic analysis of clasts to enable integration of onshore and offshore 
records.  At present integration of onshore and offshore data sets is 
challenged by differing terminologies, resolution of data sets, and types of 
data collected.  By focusing on analysing clasts from within the cores we 
hope to be able to tie past work onshore to on-going work offshore.   
g. Targeted geochemical analysis of deposits in order to help identify key 
events (8.2 ka and Storrega slide Tsunami). Given the range of dates 
returned within this project it is now clear that a data set has been collected 
which holds the potential to provide further information of key events 
currently under discussion.  As noted in section six (above), recent work on 
the 8.2ka event has traced its impact to the coast of the Netherlands.  We 
now have the possibility of charting its presence/absence along the coast 
of England.  
Further modelling of deposits, specifically aimed to enable a finer grained 
understanding of Late Glacial/Early Holocene transgression in this region.  
The timing and nature of Late Glacial/Holocene transgression has 
become a central research question in Mesolithic Archaeology.  As such, 
we intend to focus a portion of our efforts on better understanding the 
rate, nature and associated environmental impact of changes recorded for 
this period in the MEPF 2010 cores. 
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Figure 44
Map showing the location of the vibrocores
with Eocene silts
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
Bathymetry British Crown and SeaZone Solutions Limited. All
rights reserved. Products licence 052008.012 and 092009.22.
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Figure 45
Map showing the location of the vibrocores
with Pleistocene silts, sands and gravels
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
Bathymetry British Crown and SeaZone Solutions Limited. All
rights reserved. Products licence 052008.012 and 092009.22.
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Figure 46
Map showing the location of the vibrocores
with Pleistocene peats, organic silt and 
shallow marine/esturine deposits
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
Bathymetry British Crown and SeaZone Solutions Limited. All
rights reserved. Products licence 052008.012 and 092009.22.
0 1 2 3 4 5Kilometers
Scale                 @ A3  Grid @ 10 km Spacing1:176,341
Pleistocene shallow marine
Z Pleistocene Peat and organic silt
Seazone Bathymetry
m. Chart Datum
High : 4
Low : -72
Pliocene/early
Pleistocene
Medway
17
24
25
26
 4
0
0
0
0
0
 4
0
0
0
0
0
 4
1
0
0
0
0
 4
1
0
0
0
0
 4
2
0
0
0
0
 4
2
0
0
0
0
 4
3
0
0
0
0
 4
3
0
0
0
0
 4
4
0
0
0
0
 4
4
0
0
0
0
5740000 5740000
5750000 5750000
5760000 5760000
5770000 5770000
KEY
Relic Palaeo-Landscapes
of the Thames Estuary
Drawn :  F. Sturt Date: 03/2011
Figure 47
Map showing the location of the vibrocores
with Late Pleistocene/Early Holocene silts,
 sands and gravels
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
Bathymetry British Crown and SeaZone Solutions Limited. All
rights reserved. Products licence 052008.012 and 092009.22.
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Figure 48
Map showing the location of the vibrocores
with Late glacial/Holocene peat and fresh to
brackish water silts
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
Bathymetry British Crown and SeaZone Solutions Limited. All
rights reserved. Products licence 052008.012 and 092009.22.
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Figure 49
Map showing the location of the vibrocores
with Holocene shallow marine /
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
(2011).
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rights reserved. Products licence 052008.012 and 092009.22.
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Figure 50
Map showing the location of the vibrocores
with Holocene silt, sand and gravels and 
Topography reproduced with the permission of Ordnance survey
on behalf of Her Majesty’s stationery office. © Crown Copyright
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Bathymetry British Crown and SeaZone Solutions Limited. All
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 Appendix II - Combined Geological and Geophysical Data - J. Dix 
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¡MIS1
MIS114C 6830 ± 40 BP Beta-292024
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8 7 - 6.4 ka
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¡MIS1 -14C 7260 ± 50 BP Beta-292026
¡MIS? -14C 30210 ± 170 BP Beta-292025
¡Middle Pleistocene? 14C >43,500 BP Beta-292027
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¡MIS1
87.0 ± 0.4 ka
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¡ MIS1
8 6.5 ± 0.3 ka
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8 73.4 ± 4.7 ka
¡
MIS1 -14C 7690 ± 50 BPBeta-292028
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8 163 ± 49 ka
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¡ Late Middle Pleistocene? 
¡ Late Middle Pleistocene? 
¡ Oldest HiniaOldest Buccinium 
8 116 ± 6.5 ka 
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¡MIS1
8> 420 ka
¡ EarlyPleistocene? 14C 36880 ± 290 BPBeta-292029
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